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Abstract 
 

Lophomyrtus bullata Burret (Myrtaceae) is a shrub or small tree species endemic to New 

Zealand. The species is a member of the Myrtaceae family and is one of two species in the 

Lophomyrtus genus. The conservation status of L. bullata was raised to “Threatened – 

Nationally Critical” following the establishment of the fungal pathogen Austropuccinia psidii 

(G. Winter) Beenken 2017 in New Zealand in 2017. Repeated infections of the fungal disease 

can lead to extensive loss of foliage, premature dropping of fruits and plant death. Infected L. 

bullata exhibit all these symptoms, and rapidly declining regional populations indicate a high 

potential for localised extinction. The regional disappearance of L. bullata could isolate 

remaining populations, decreasing gene flow and connectivity. Additionally, rapidly 

decreasing population sizes could increase the potentially harmful effects of inbreeding and 

genetic drift, reducing the species’ fitness and increasing its risk of extinction.  

An understanding of the genetic variation and structure of L. bullata populations could help 

determine its vulnerability to such genetic effects. To this end, Illumina sequencing was used 

to develop microsatellite markers for L. bullata. From the 1,351,112 successfully paired and 

merged sequences, 55 microsatellite loci were isolated, and primer pairs were designed. After 

an initial screening of the 55 primer pairs, 12 were identified as polymorphic and amplified 

consistently. These 12 microsatellite markers were genotyped across 452 samples representing 

18 populations of L. bullata, one population of L. obcordata, and two populations of L. bullata 

x L. obcordata putative hybrids. 

The 18 populations of L. bullata showed low genetic differentiation, low expected 

heterozygosity and very few private alleles. Lophomyrtus bullata populations in the upper 

North Island region had the highest expected heterozygosity, and there is evidence of a 

correlation between expected heterozygosity and decreasing latitudinal distance. High genetic 

differentiation was observed between the populations of L. bullata and L. obcordata and 

between the two hybrid populations and the L. bullata populations. The population structure 

results suggest the presence of two to five genetic clusters within L. bullata. The clusters reflect 

the geographic location of the populations, in addition to a potential North versus South cline. 

These patterns could have formed due to past climatic events such as glacial cycling and 

volcanic activity, isolation by distance, or some combination of these.   
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These results suggest that L. bullata is potentially vulnerable to the negative effects of genetic 

stochasticity. The continued spread and infection of Austropuccinia psidii could significantly 

exacerbate these effects. However, the higher genetic diversity and differentiation of the 

putative hybrid populations suggest a possible avenue for the species to acquire new adaptive 

variation, though this would heavily depend on the hybridisation mechanics of the species, for 

which there is little information. Additionally, the significant population structure of L. bullata 

identified in this study can be used as a guide for conservation practices, including seed 

banking, population management and re-vegetation projects. 
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Chapter 1 
 

Introduction 
 
 

1.1 Conservation biology  
 

The field of conservation biology was created with the specific objective of protecting and 

preserving the world’s biological diversity (Meine et al., 2006). This mission-driven field was 

formed in direct response to the current mass-extinction event primarily attributed to 

anthropogenic causes, such as habitat destruction and fragmentation, overharvesting, and the 

introduction of exotic species (Beggs, 2001; Craig et al., 2000; Diamond, 1989). Determining 

the best practices for slowing the ever-increasing rate of populations declining to extinction is 

a vital focus for conservation biologists, and the need for conservation biology to be multi-

disciplinary in its approach was evident from its inception. The wide-ranging field incorporates 

ideas and tools from a variety of related areas of study, including resource management, 

ecology, wildlife biology and genetics (Frankham et al., 2002). These disciplines combine to 

examine what the International Union for Conservation of Nature (IUCN) has identified as the 

three main components of biodiversity: ecosystem diversity, species diversity and genetic 

diversity (Schatz, 2009).  

Acknowledgment of the role genetics plays in the conservation of a threatened species has 

grown over the past decade (Anderson et al., 2021) and has led to the expansion and increased 

visibility of the field of conservation genetics (DeSalle & Amato, 2004; Frankel & Soule, 

1981). The main goal of conservation genetics is to identify the level of genetic diversity 

present within a species and undertake steps to stabilise and preserve that diversity (Frankel & 

Soule, 1981). Such steps typically involve minimising the impact of destructive forces that can 

cause genetic erosion (e.g., genetic drift, inbreeding and outbreeding depression) by restoring 

gene flow and diversity within and among isolated declining populations (Frankel & Soule, 

1981; Mijangos et al., 2015). Preserving genetic diversity in a species is essential as it reflects 

its capacity to adapt to environmental changes (Frankel & Soule, 1981; Holsinger & Falk, 

1991). If such environmental changes are irreversible, the persistence of a species depends on 

its potential to adapt, which, in turn, is dependent upon genetic diversity (Chevin et al., 2010; 
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Reynolds et al., 2012). Therefore, a species (or population) with low genetic diversity may fail 

to adapt and have a higher probability of extinction (Holsinger & Falk, 1991).  

Conservation genetics studies can employ a range of different methodologies to obtain 

information on the genetic diversity of a species. This thesis uses a population genetics 

approach to investigate the genetics of a species of conservation concern: the New Zealand 

endemic Lophomyrtus bullata Burret (Myrtaceae). The species is threatened by the 

establishment of the pathogenic fungus Austropuccinia psidii (G. Winter) Beenken 2017 

(myrtle rust) and requires urgent conservation intervention (Smith et al., 2020; Sutherland et 

al., 2020; Toome-Heller et al., 2020). The following section provides an overview of the 

methods utilised in population genetic studies and how the information gained through those 

methods can be applied to the conservation and preservation of biodiversity in New Zealand.   

 1.2 Population genetics 
 
Population genetics involves characterising the level and distribution of genetic diversity 

within and among populations. In this context, a population refers to a group of interbreeding 

individuals. The measures of genetic diversity are typically determined by estimating allele 

frequencies at a set of loci (Kimura & Ohta, 1971). Changes to allele frequencies depend on 

how various evolutionary mechanisms are acting on a population. Such mechanisms include 

mutation, natural selection, genetic drift/draft, and gene flow. Divergent natural selection and 

genetic drift/draft can increase divergence between populations, while gene flow typically 

counteracts it by facilitating the movement of genetic material between populations (Casillas 

& Barbadilla, 2017; Hamilton, 2021). Population genetics analyses can potentially determine 

to what degree each of these forces influences a population’s genetic structure and the genetic 

divergence between populations of the same or different species.  

1.2.1 Molecular markers used in population genetics 
 
To obtain estimates of how variable alleles are at a particular locus, population genetic studies 

employ the use of molecular markers (Schlötterer, 2004). The first molecular markers 

developed were allozymes (Schlötterer, 2004). These were based on protein variations in 

enzymes, specifically differences in size and charge (Schlötterer, 2004). These have largely 

been replaced with the development of DNA-based molecular markers, particularly after the 

inception of the Polymerase Chain Reaction (PCR) technique. DNA molecular markers 
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typically used today include microsatellite loci and several methods that detect and differentiate 

SNPs (Single Nucleotide Polymorphisms).  

Microsatellites are short, tandem repeat sequences (STRs) or simple sequence repeats (SSRs) 

that are frequently found throughout prokaryotic and eukaryotic genomes and are assumed to 

(typically) evolve neutrally (Li et al., 2002). The repeats of microsatellites can range from one 

or two bp (mono- and dinucleotides, respectively) up to six bp (hexanucleotides). The length 

of these repeats is highly variable between individuals and species (Selkoe & Toonen, 2006) 

due to a mechanism called replication slippage, which happens during the process of DNA 

replication (Ellegren, 2004). Essential characteristics of microsatellites, such as a high mutation 

rate, codominance, and high levels of polymorphism (Guichoux et al., 2011), have led them to 

be used in a wide range of applications, including molecular forensics, genome mapping, plant 

breeding, conservation genetics and population genetics (Hodel et al., 2016; Kalia et al., 2011).  

Despite the high versatility of microsatellites, there are a few noted issues with their use. The 

most discussed is the proneness of the replication slippage mechanism to cause back mutations, 

which can lead to homoplasy (Viard et al., 1998). This can make it difficult to determine 

whether trends observed in allele frequencies are due to homology or homoplasy (Hodel et al., 

2016). Other notable issues include the possible suppression of F-statistic estimates if there are 

very high or very low frequencies of the most common alleles (Gautier et al., 2013; Jakobsson 

et al., 2012). The tendency for microsatellite markers to have a higher number of alleles per 

locus can also potentially result in falsely increasing F-statistics (Zimmerman et al., 2020).  

In the past decade, there has been an increasing trend to use SNPs for genetic analysis in 

population genetics and other disciplines. The use of SNPs was initially out of favour due to 

cost and time constraints, but the increased improvement of Next Generation Sequences (NGS) 

techniques has made this a viable option (Elshire et al., 2011). SNPs are single base pair 

mutations that occur widely throughout the eukaryotic genome. SNPs involve the presence of 

at least two different nucleotides at a given position in the genome, resulting in two alternative 

alleles (Arif et al., 2010). Compared with microsatellites, SNPs have lower levels of homoplasy 

(Morin et al., 2004; Rafalski, 2002) and are also better able to detect linkage disequilibrium 

and haplotypes compared to other markers (Rafalski, 2002). The most common SNP-based 

approaches are genotyping-by-sequence (GBS) and restriction site-associated DNA 

sequencing (RADseq), which both involve restriction enzymes and unique barcoded adaptors 

used to assign bulked sequences to individual samples (Elshire et al., 2011; Miller et al., 2007).  
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SNP-based methods allow a considerable amount of sequencing data to be produced, which 

can be used to assess genetic variation across the whole genome (Hodel et al., 2016), and due 

to the large amount of data produced, there is less concern for genotyping errors (Gautier et al., 

2013). However, the cost and complexity of these methods are still much higher compared to 

microsatellites, especially if data from many individuals are required for the study (Hodel et 

al., 2016; Zimmerman et al., 2020). There have also been several issues with these SNP-based 

methods, including the fact that since SNPs are typically only biallelic, allelic diversity 

estimates have been suggested to be lower compared to microsatellite loci, which can often 

have many alleles (Zimmerman et al., 2020).  

There is currently a debate about which of these two marker systems, SNPs or microsatellites, 

is the most adequate in terms of both practicality and estimates of genetic diversity (Coates et 

al., 2009; Hodel et al., 2016; Tsykun et al., 2017). Some have even predicted that the methods 

used to detect the potentially non-neutral SNPs will largely replace neutral markers like 

microsatellites (Brumfield et al., 2003; Zimmerman et al., 2020). Some comparative studies 

between microsatellites and SNPs have observed similar levels of diversity and population 

structure estimates (Heenan et al., 2023; Lemopoulos et al., 2019; Zimmerman et al., 2020). 

However, in other cases, there were significant differences between the marker systems 

(Fischer et al., 2017; Van Inghelandt et al., 2010). The majority of the comparisons seem to 

suggest that choosing a suitable marker type depends on the study species and the questions 

the research wishes to answer.  

1.2.2 Population genetics analytical methods 
 
The data obtained through molecular markers can be applied to various analyses to determine 

the population structure of a species, most notably the application of the Hardy-Weinberg 

Equilibrium (HWE). The Hardy-Weinberg equilibrium, developed separately by Hardy (1908) 

and Weinberg (1908), is typically employed in population genetics studies as a null model of 

evolution (Wakeley, 2005; Wright, 1949). This null model assumes a theoretical population 

that has no evolutionary forces acting on it, i.e., no migration, mutation, genetic drift or natural 

selection, and random mating is occurring. In population genetic studies, HWE analysis 

typically involves detecting whether a population conforms or deviates from the expectations 

of HWE. Deviations can indicate the potential influences of various evolutionary mechanisms, 

such as natural selection or random genetic drift.  
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F-statistics are population-based metrics developed by Wright (1949) for use in population 

genetic studies. They include FIS, FST and FIT, though FIT is rarely used and will not be discussed 

further. FIS measures the frequency of heterozygotes observed relative to the expected under 

the null model of HWE. The resulting value can range from a negative one to a positive one, 

with a negative value indicating heterozygote excess, a positive value indicating homozygote 

excess, and values closer to zero indicating the population is at HWE. Heterozygote excess in 

a population could be due to selection for heterozygotes, asexual reproduction, high amounts 

of outcrossing or hybridisation (Balloux, 2004; Wu et al., 2020). In contrast, inbreeding, null 

alleles or selection for homozygotes can lead to homozygotes excess in a population (Robertson 

& Hill, 1984). FST measures the amount of genetic differentiation between two different 

populations, with the resulting value ranging from zero to one. If a value closer to zero is 

obtained, this would indicate that the populations are more genetically similar, whereas a value 

closer to one would indicate that the populations are more genetically different.   

There are several ways to visually identify and observe patterns in a dataset. A few of the most 

commonly used methods include STRUCTURE (Pritchard et al., 2000) and Neighbour-net 

(Bryant & Moulton, 2004). STRUCTURE is a program used by population geneticists to 

analyse different genetic groups based on the genetic composition of individuals (Pritchard et 

al., 2000). It does this by applying a systematic Bayesian clustering algorithm to the data, which 

clusters individuals into groups that conform to the assumptions of HWE (Pritchard et al., 

2000). Neighbor-net uses distance matrices to develop a complex network that can similarly 

be used to analyse the genetic distance between individuals and populations (Bryant & 

Moulton, 2004). These analytical methods can provide information on the patterns of 

relationships between populations that differ in characteristics such as geographical location, 

phenotype, and ecological behaviour.  

Data also can be observed visually through multivariate analysis methods such as Principal 

Component Analysis (PCA) or Discriminant Analysis (DA). A PCA scales or centres the data 

and then plots the data in multidimensional space, starting with the two data points that have 

the maximal amount of variance (Reich et al., 2008). This can provide information on how 

different populations are grouped and how similar or dissimilar they are compared to other 

populations. Discriminant Analysis (DA) is similar to PCA, except it requires groups of 

genotypes to be identified beforehand and then plots the data by increasing the variance 

between groups (Jombart et al., 2010). Discriminant Analysis of Principal Components 

(DAPC) is a form of DA that first transforms the data into principal components, then identifies 
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genetic clusters within the transformed data, and plots them using the DA method (Jombart et 

al., 2010). Generally, most population genetic studies will use multiple approaches to verify 

that the patterns observed in the data are a reflection of what is actually occurring in the 

populations rather than a product of the type of analysis used.  

1.2.3. A population genetics approach to conservation genetics 
 
The knowledge gained from population genetic methods can be directly applied to conservation 

management practices. Applying a population-level approach as opposed to a species-level 

approach to conservation management allows for a greater understanding of the genetic 

structure and connectivity of a species. For example, the total genetic diversity of a species 

may only be represented by a few highly diverse populations, with the remaining isolated and 

declining. Failing to recognise these populations that are in need of conservation management 

could result in their localised extinction and subsequent loss of genetic diversity for the species. 

Additionally, if the genetics of two populations of a species differ greatly, implementing the 

same conservation practices on both populations could be more harmful than helpful, and 

instead, the populations should be managed as separate units (Chapple et al., 2012; Crandall et 

al., 2000).  

Understanding how the genetic variation of a species is partitioned across a landscape can also 

reveal different patterns of relationships. These patterns can be geographical, e.g., populations 

in one particular region are all genetically very similar compared to other more distantly 

distributed regions, or environmental; e.g., the presence of rare soil types increasing fitness for 

individuals with sui 

 genotypes (Aguirre‐Liguori et al., 2019). This information can be used in conservation 

practices to capture and preserve the entire range of local diversity present for a threatened 

species, increasing efficiency by reducing costs and the number of sites required for 

preservation (Edwards et al., 2021; Neel & Ellstrand, 2003; Wu et al., 2020). Similar principles 

can be applied to seed banking rapidly declining species to ensure that collections are from 

populations that cover the entire range of the species diversity (Schoen & Brown, 2001).  

Information on the distribution of genetic variation in a species can be incorporated into its 

restoration efforts, which can greatly increase their success (Mijangos et al., 2015). This 

includes determining the need for eco-sourcing, especially if populations are highly 

differentiated across different regions (McKay et al., 2005). In this case, eco-sourcing might 
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be required to prevent the introduction of potentially unsuitable genotypes, increasing the 

genetic load and decreasing fitness (Willi et al., 2022). Alternatively, if high levels of 

inbreeding are observed in a population, then collecting seed or sourcing individuals for 

restoration can be avoided, as individuals are likely highly inbred and contain deleterious 

alleles (Mijangos et al., 2015). The probability of outbreeding depression can also be 

determined, which can be useful in ascertaining the outcomes of translocating individuals 

between populations to restore gene flow and increase genetic diversity (Frankham et al., 

2011).  

However, the current reliance on neutral molecular markers for analysing genetic diversity has 

been a point of contention. Specifically, it has been argued that neutral genetic diversity 

measured by neutral markers does not predict the adaptive potential of a species, and instead, 

there should be a greater focus on the measurement of functional genetic diversity (Teixeira & 

Huber, 2021). There is compelling evidence both for and against this argument (Allendorf et 

al., 2010; García-Dorado & Caballero, 2021; Kramer & Havens, 2009; Ouborg et al., 2006; 

Storfer, 1996; Teixeira & Huber, 2021; Willi et al., 2022). Studies indicate that the relationship 

between neutral genetic diversity and adaptive potential is complex, with many supporting the 

association between neutral genetic diversity and effective population size (Ne), which can be 

a helpful indicator of population viability (Frankham, 2015; Kardos et al., 2021; Mittell et al., 

2015; Santos et al., 2012), but with most other associations appearing weaker (Reed & 

Frankham, 2003). However, many agree that neutral genetic diversity can still be useful in 

relation to conservation (DeWoody et al., 2021; García-Dorado & Caballero, 2021; Willi et al., 

2022), especially when used in tandem with quantitative genetic variation (Kramer & Havens, 

2009). The information provided by neutral diversity has aided the conservation of many 

species (e.g., Armstrong and de Lange (2005), Barnaud & Houliston (2010), Coates et al. 

(2015), Edwards et al. (2021), Hutchison et al. (2017), Szczecinska et al. (2016)).  

It should also be noted that due to the effects of genetic draft, linked selection/selective sweeps, 

and background selection, no locus evolves independently, and even ‘neutral’ variation can be 

affected by selection (Berry et al., 1991; Charlesworth et al., 1993; Gillespie, 2000, 2001; 

Smith & Haigh, 1974). Additionally, variation for non-adaptive loci may also become adaptive 

in the future (Harrisson et al., 2014). Therefore, rather than simply focusing on functional 

genetic diversity, a small highly conserved region of the genome, for threatened species, it is 

more beneficial to focus on whole-genome diversity, including neutral variation (DeWoody et 

al., 2021). Studies have shown that increased genome-wide genetic variation positively 
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correlates with increased fitness and population viability (Leimu et al., 2006). Many population 

genetic studies use high mutation rate markers like microsatellites as an assumption that they 

will better reflect the whole genome genetic diversity rather than functional genetic diversity, 

which is difficult to detect and will adapt more slowly (unless there is strong selection 

pressure). Furthermore, suppose little genetic variation is observed in a species through the use 

of highly variable markers like microsatellites that measure neutral genetic diversity 

(theoretically the most variable regions of the genome). In that case, this strongly indicates 

little variation is present, which is extremely useful information for a species of conservation 

concern.  

Though the use of neutral markers is recognised as imperfect, recent technological 

developments could provide the solution. For instance, whole genome sequencing and RADseq 

allow for a large number of SNPs to be identified and screened, achieving a more in-depth 

analysis of the variation in the genome (Willi et al., 2022). QTL mapping and genome-wide 

association studies can contribute to a more detailed screening of adaptive or functional genetic 

diversity, which can be used in tandem with whole-genome diversity (Caballero & García-

Dorado, 2013; Willi et al., 2022). However, the methods described are expensive and a 

monumental amount of work that would be impractical for most small-scale conservation 

schemes. In comparison, traditional population genetic methods can be relatively inexpensive, 

and the information obtained can still provide significant insights into the population dynamics, 

effective population size, effects of inbreeding, genetic drift, and patterns of genetic variation, 

all of which can greatly contribute to the preservation of a threatened species.   

1.3 Threats to native species 
 
The number of flora and fauna species under threat has substantially increased over the last 

few decades, with over 42,000 species worldwide currently facing extinction (IUCN, 2022). 

Such an extreme decline in species is primarily due to humans significantly modifying 

environments, both on large scales, such as climate change and on more minor scales, such as 

introducing new threats into environments in the form of invasive species. The current level of 

biological invasions occurring from the introduction of exotic species is unprecedented in 

earth’s history (Ricciardi, 2007) and is a significant contributor to the current magnitude of 

species facing extinction (Pyšek et al., 2020). The increased transportation of people, animals, 

wood and live plants has allowed for the expansion and invasion of exotic species to new 

environments (Kueffer, 2017; Ridley et al., 2000). These invasions have severe consequences 
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for native biota, including the extinction of affected native species, decline in genetic diversity 

of native populations, and altering of species richness and communities, which can affect 

ecosystem functioning and services (Blackburn et al., 2019; Pyšek et al., 2020; Suarez & 

Tsutsui, 2008). In particular, the introduction of invasive microorganisms into new 

environments has caused major biodiversity losses worldwide (Brasier & Buck, 2001; Rigling 

& Prospero, 2018; Scheele et al., 2019), and specific concern has been raised about the 

increasing threat of invasive fungal species (Fisher et al., 2020; Fisher et al., 2012).  In New 

Zealand, such a threat is already realised with the effects of the pathogenic fungus known as 

Kauri dieback disease (Phytophthora agathidicida) causing tree mortality and decreased 

population numbers of the endemic host species Agathis australis (Araucariaceae) (Bradshaw 

et al., 2020). The establishment of a new fungal disease, myrtle rust, has the potential to cause 

similar, if not more harmful, effects to the native species of New Zealand.  

1.3.1 Myrtle rust 
 
Myrtle rust, also known as guava rust or eucalypt rust, is a disease caused by the pathogenic 

fungus Austropuccinia psidii(Sphaerophragmiaceae), which exclusively affects members of 

the Myrtaceae family (Glen et al., 2007). The fungus was first described by Winter (1884) in 

South America, where it was infecting the local guava (Psidium guajava). To date, a total of 

nine different strains have been identified, with the strain known as the pandemic biotype being 

the most widespread (da S Machado et al., 2015; Sandhu et al., 2016; Stewart et al., 2018). The 

highly invasive pathogen has spread globally, including to the USA, Japan, China, South 

Africa, and the Myrtaceae-species-rich Australia, where it has caused extensive damage at both 

a species and ecosystem level, with many endemic species at severe risk of localised extinction 

(Carnegie et al., 2016; Fernandez-Winzer et al., 2020; Pegg et al., 2017). There are limited 

effective treatments for myrtle rust (Pathan et al., 2020), and susceptibility and resistance to 

the disease vary widely depending on the species. There have even been instances of variation 

in susceptibility according to geographic location occurring within the same species (Yong et 

al., 2019).  

The fungus spreads primarily through airborne asexual urediniospores that land on and infect 

plant tissue (Beresford et al., 2020). Ideal conditions for infection include a temperature range 

of 18-28 C, high humidity, and moisture (Beresford et al., 2020; Hunt, 1968; Tessmann et al., 

2001). When the described conditions occur, the result can be massive disease outbreaks 

(Tessmann et al., 2001). The infection of myrtle rust causes the appearance of pustules, or 
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clusters, of yellow spores on young leaves, shoot tips, fruits and flowers (Pegg et al., 2014). 

Repeated infection of myrtle rust can cause shoot tip dieback, tissue necrosis, defoliation, 

premature dropping of fruits and flowers, and eventually plant death (Carnegie et al., 2016; 

Pegg et al., 2014; Sutherland et al., 2020). The large loss of foliage and photosynthetic damage 

caused by myrtle rust can decrease the rates of photosynthesis (Bilgin et al., 2010; Carnegie et 

al., 2016; Gonçalves et al., 2022). This can lead to depleting carbohydrate stores, potentially 

resulting in developmental changes, such as a subsequent decline in the size of new emergent 

leaves (Carnegie et al., 2016). Loss of fruits (and subsequently seeds) affect fecundity and 

decreases recruitment of the next generation (Pegg et al., 2014). This, combined with targeting 

young leaf tissue, which prevents the regeneration of seedlings, can result in a rapid decline in 

population size (Carnegie et al., 2016). There are also potential ecosystem-level effects caused 

by myrtle rust, such as species composition changes and decreases in the richness and structure 

of insect and plant communities (Carnegie et al., 2016; Pegg et al., 2017).  

1.3.2 Myrtle rust in New Zealand 
 
In New Zealand, the Myrtaceae family consists of four tribes (Myrteae, Leptospermeae, 

Syzygieae, and Metrosidereae), comprising 28 species (Allan, 1961; de Lange, 2014; de Lange 

& Schmid, 2021), although this number will decrease if the most recent treatment of Kunzea is 

recognised (Heenan et al., 2023). Myrtaceae species are found in diverse forest types, with 

many species serving important roles in the early succession of natural and regenerating forests 

(Wardle, 1991; Wiser & De Cáceres, 2013; Wiser et al., 2011). They are used in the production 

of food sources, such as the New Zealand species Leptospermum scoparium (Mānuka), which 

is utilised in the production of mānuka honey (Clearwater et al., 2021). Many species also have 

cultural significance to the indigenous people of Aotearoa, including Metrosideros excelsa 

(Pōhutukawa), which holds deep cultural significance to Māori (Hiroa, 1949). 

Myrtle rust was detected in New Zealand for the first time in May 2017, potentially arriving 

via wind currents from Australia (Beresford et al., 2018; Du Plessis et al., 2019; Ho et al., 

2019). The pathogen has since spread throughout the North and South Island, infecting 17 

native species, resulting in the conservation status of all native Myrtaceae species being 

elevated to ‘threatened – nationally critical’ (de Lange et al., 2018). The disease has been found 

to severely impact the two endemic species in the Lophomyrtus genus (Beresford et al., 2020; 

Sutherland et al., 2020). One of the species, Lophomyrtus bullata, has been observed to be 

highly susceptible to the disease, with no perceived natural resistance present in the species 
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(Smith et al., 2020; Sutherland et al., 2020; Toome-Heller et al., 2020). The extent of infection 

in L. bullata is severe, with the leaves, stems, developing fruit, and regenerating seedlings of 

the species all heavily affected. This suggests there is potential for myrtle rust to cause the 

localised extinction of L. bullata (Sutherland et al., 2020; Toome-Heller et al., 2020), with the 

death of mature trees already reported (Beyond-Myrtle-Rust, 2020). The situation suggests an 

urgent need for detailed research into both the ecological and genetic aspects of L. bullata to 

support its conservation.  

1.4 Lophomyrtus bullata 
 
The only New Zealand members of the largest tribe, Myrteae, are two genera Lophomyrtus and 

Neomyrtus. Lophomyrtus consists of two endemic species, Lophomyrtus bullata and 

Lophomyrtus obcordata (Raoul) Burret (rōhutu). Lophomyrtus obcordata is distributed 

throughout the North and South Island of New Zealand (Allan, 1961), and where the two sister 

taxa co-occur, they can form fertile hybrid offspring (de Lange, 2022a, 2022b). The hybrid 

name of the hybrid forms is Lophomyrtus x ralphii (de Lange, 2022a). The taxonomic history 

of Lophomyrtus bullata is complex, with the species originally published by Allan Cunningham 

(1839) under the name Myrtus bullata Sol. ex A. Cunn nom. illeg. In 1941, the species was 

transferred to the new genus Lophomyrtus erected by Burret (1941) and therefore renamed 

Lophomyrtus bullata Burret.   

Lophomyrtus bullata is a perennial shrub or small tree species that generally grows 

approximately 6-10 meters in height (Allan, 1961) and has a chromosome count of 2n=22 

(Dawson, 1987). The leaves are typically about 2-5 mm long, bullate (covered in rounded 

swellings), and green in colour when young and purple/red pigmented at maturity (Fig. 1.1) 

(Allan, 1961). They have white flowers approximately 12 mm in length, with five petals and 

several stamens. The hypanthium surrounds several ovaries that contain 2-3 locules (de Lange, 

2022a). They produce berries that are typically 4-8 mm long, dark red to black and have many 

seeds (Allan, 1961).  

The species is distributed across the North Island and the northern part of the South Island (Fig. 

1.2) (Allan, 1961) and is generally found in coastal and lowland podocarp forests but also sub-

alpine shrubland up to an altitude of 600 m (Allan, 1961; Cheeseman, 1906). Lophomyrtus 

bullata is typically found on the margins of forests or in canopy gaps, as they tend to prefer 



12 
 

open and light areas (Salmon, 1980). However, they can also grow in denser forests and 

wetlands and form an essential part of successional regenerating shrubland (de Lange, 2022a). 

 

 

Traditionally, Māori used the ripe berries of L. bullata as a food source (Best, 1942; Cambie & 

Ferguson, 2003). The berries contain anthocyanins (Lowry, 1976), which are thought to have 

beneficial properties, such as acting as antioxidants, improving eyesight, anti-inflammatory 

properties and potential inhibitory effects against the growth of cancerous cells (Hagiwara et 

al., 2001; Harborne & Williams, 2000; Youdim et al., 2000). The wood of L. bullata was 

traditionally used to make poles by canoeists of the Whanganui tribes and was also used to 

craft humming tops (Best, 1925a, 1925b).   

A B 

C 

D 

Figure 1.1. Example morphology of Lophomyrtus bullata A, Leaves of L. bullata, B, Mature L. 

bullata tree, C, a close up of the underside of a L. bullata leaf infected with myrtle rust spores, D, 

L. bullata individual heavily infected by myrtle rust.  
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The leaves of L. bullata have medicinal properties and have been traditionally used by Māori 

to treat cuts and bruises (Riley, 1994). Studies have shown that the leaves of L. bullata have 

significant properties such as cytotoxic activity, antimicrobial effects, and antifungal activity 

(Larsen et al., 2005; Woollard et al., 2008). Chemical distillation performed on the leaves of L. 

bullata resulted in the isolation of the rare natural compound bullatenone, which has been 

suggested to have potential uses in applications such as sunscreens and insect repellents 

(Amaike, 1990; Muta, 1991). Lophomyrtus bullata is currently the only known natural source 

of this compound (Brandt et al., 1954; Parker et al., 1958).  

Figure 1.2. Distribution of Lophomyrtus bullata. Compiled from NZ Nation Vegetation Survey 

database, and Australasian Virtual Herbarium.  
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Myrtaceae species are important contributors to the ecosystem. They provide resources such 

as sugar-rich flowers and berries benefited by a range of invertebrates and vertebrates, and their 

high wood density makes them excellent and lasting sources of carbon storage (Affeld et al., 

2009; Clearwater et al., 2021; Jo et al., 2022; Schmidt-Adam et al., 2000). However, little is 

known about the specific ecological function  L. bullata serves in its environment. A recent 

survey of biota associated with L. bullata carried out on herbarium specimens found the 

presence of 176 taxa, including bryophytes, pteridophytes, spermatophytes, and mycobiota, all 

of which could potentially be impacted by the disappearance of L. bullata from the ecosystem 

(Prasad et al., 2022). Similarly, there is little knowledge of the interactions between 

invertebrate species and communities, their dependence on L. bullata, or how the increasing 

spread of myrtle rust could potentially change these interactions. For instance, honeybees have 

been observed harvesting myrtle rust spores and even appeared to be actively choosing to 

harvest spores over nectar (Schmid et al., 2021). Additionally concerning is that research shows 

spores can remain viable after harvest for up to nine days (Pattemore et al., 2018). There are 

also potential impacts from the feeding of fungal spores by insects (Kolesik et al., 2021) and 

other fungal species (Beyond-Myrtle-Rust, 2022). 

L. bullata seeds are dispersed by birds, most notably by Tui, NZ Bellbird and Kereru (Kelly et 

al., 2010; Westphal, 2019), and is cross-pollinated by bees, with a flowering time from 

November to February. It is unclear how efficient pollination is or if it has any self-pollination 

or self-compatibility capabilities. Some Myrtaceae species, such as Eugenia species, have been 

noted to be self-pollinating or self-compatible (da Silva & Pinheiro, 2009). Understanding the 

efficiency of seed dispersal, pollination, and whether L. bullata can self-pollinate or is self-

compatible could determine how efficient its reproduction strategies are. Such information is 

especially important considering that self-incompatible species are greatly affected by 

decreasing population size and loss of diversity, which can cause pollen limitation, resulting in 

reduced seed set and fecundity (Aizen & Harder, 2007; Wagenius, 2006).    
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1.5 Focus of this research  
 

Lophomyrtus bullata is currently threatened by the highly invasive pathogenic fungus myrtle 

rust, which is causing a rapid decline in population numbers throughout its geographical range. 

There is currently no information on the genetic structure of the endemic plant species, and its 

high susceptibility and little resistance to the fungal disease suggest the potential for significant 

losses of genetic diversity and eventual extinction. A population genetic study could provide 

an understanding of the genetic variation currently present, as well as the effects of gene flow 

and inbreeding on the population structure of the species, all of which could aid its future 

conservation. In addition, it would provide a preliminary analysis to track changes in 

population structure and diversity over time to assess the full impact of myrtle rust on L. 

bullata.  

Therefore, this study aims to: 

1. Develop microsatellite markers for Lophomyrtus bullata. 

2. Investigate the distribution of genetic variation of L. bullata across its geographical range.  

3. Infer historical and biogeographical influences on the patterns of variation in L. bullata and 

determine its implications for its future conservation.  
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Chapter 2 
 

Marker Development of Lophomyrtus bullata (Myrtaceae) 
 

 

2.1 Abstract 
 

The New Zealand endemic plant species Lophomyrtus bullata is currently experiencing a rapid 

decline in population numbers across its geographical range. This is due to the establishment 

of the highly invasive ‘myrtle rust’ fungus Austropuccinia psidii in New Zealand. A direct 

consequence of this decline could be a paralleled decrease in the genetic diversity of the 

species, which could have concerning implications for its future conservation. Microsatellite 

markers were developed for the purpose of evaluating the present, and potential future, genetic 

variation and population structure of the species. Twelve new microsatellite markers were 

developed for L. bullata from the initial isolation of 55 microsatellite loci. Primers were 

screened on 24 individuals from four different populations. The markers were found to be 

polymorphic with an average of 3.71 (SE = 0.26) alleles per locus and an average observed and 

expected heterozygosities of 0.46 (SE = 0.04) and 0.47 (SE = 0.03), respectively. The newly 

developed markers were tested for transferability to the congener, Lophomyrtus obcordata, and 

were found to amplify successfully in this species. These 12 new microsatellite markers will 

facilitate research into the population genetics of the threatened species and have the potential 

for use in other related taxa.  
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2.2 Introduction 
 

Lophomyrtus bullata (ramarama) is a long-lived perennial shrub or small tree species endemic 

to New Zealand. The species has green and red pigmented leaves that are characteristically 

bullate or ‘bubble-like’ in appearance and are typically found in the understorey of coastal and 

lowland podocarp forests (Allan, 1961; Cheeseman, 1906). The species is distributed 

throughout the North Island and the Marlborough region of the Northern South Island (Allan, 

1961). Where the species co-occurs with its widespread sister taxa, Lophomyrtus obcordata, 

the two species are able to form hybrids, with many hybrid forms developed into ornamental 

cultivars (de Lange, 2022a).  

The establishment of Austropuccinia psidii (Sphaerophragmiaceae) in New Zealand has 

resulted in severe consequences for L. bullata (Ho et al., 2019; Toome-Heller et al., 2020). The 

species’ high susceptibility and little to no natural resistance has led to declining population 

numbers and a high risk of localised extinction (Sutherland et al., 2020; Toome-Heller et al., 

2020). Localised extinction could result in the loss of regional genetic variation, decreasing 

genetic diversity within the species. Such a loss of diversity essentially reduces the long-term 

evolutionary potential of the species (Wayne & Morin, 2004), resulting in it being more 

vulnerable to any future environmental changes (Ellstrand & Elam, 1993).  

The spread of myrtle rust in Australia has already resulted in dire consequences for local 

endemic flora. Several myrtle species have been severely impacted by the disease, with large 

and rapid declines in population sizes. In one native species, Rhodomyrtus psidioides, 

populations have declined by over 50% in the five years after the establishment of myrtle rust 

(Carnegie et al., 2016). It is predicted that these species will face localised extinction in the 

very near future (Pegg et al., 2017). Therefore, to combat this same threat in New Zealand, 

sufficient knowledge of the species’ ecological roles, genetic structure, and genetic diversity is 

paramount to developing successful conservation and recovery strategies.  

To assess the genetic diversity across the species’ populations, molecular markers that are 

selectively neutral and highly variable are required (Hodel et al., 2016; Selkoe & Toonen, 

2006). One of the most common marker types used is microsatellites. Microsatellite loci are 

short tandem repeat sequences (STRs) of DNA that can range from one to six base pairs long 

(hexanucleotides). The length of the region can be highly variable among individuals (due to 

differing numbers of repeats), making them valuable tools in the analysis of genetic diversity 
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between different populations of the same or sometimes closely related species (Haasl & 

Payseur, 2011). In this study, through the use of Illumina-based sequencing, 12 microsatellite 

markers were developed for Lophomyrtus bullata for the purpose of investigating the 

population structure and genetic diversity of the species for its future conservation 

management. 

2.3 Methods  
 

2.3.1 Illumina sequencing and primer design 
 

DNA sequences of L. bullata were obtained in an Illumina Miseq run prior to the start of this 

research project. The method used will be briefly described in this paragraph. Young leaf tissue 

was collected from individuals of L. bullata located on the Manawatū campus of Massey 

University, Palmerston North, New Zealand. Genomic DNA was extracted from these 

individuals using a modified cetyltrimethylammonium bromide (CTAB) protocol (Doyle & 

Doyle, 1987). The genomic DNA was then sheared into 200-500 bp sections using a sonicator, 

after which Illumina sequencing adapters and individual-specific sequence tags were ligated to 

the ends. Sequencing was then carried out on one half of a Miseq run (Illumina), resulting in 

8,815,516 raw reads.  

The reads were paired and merged using Geneious software (version 9.1.8) (Kearse et al., 

2012), with 1,351,112 of these sequences successfully merged. The sequences were then 

uploaded as a Fastq file to the Galaxy web platform (Afgan et al., 2018) and repeat regions 

were identified using the STR detection tool (Fungtammasan et al., 2015). The parameters for 

repeat detection were as follows: dinucleotide repeats with a minimal length of seven bp and a 

50 bp buffer on either side of the repeat regions. Partial motifs were not considered, and a 

hamming threshold of zero was applied. From the search, 22,742 dinucleotide repeats were 

detected, ranging from 7 – 104 repeat units.  

A range of microsatellite loci that differed in repeat length (from 7 up to 11) were selected, and 

the Geneious add-in Primer3 (Rozen & Skaletsky, 2000) was used to design flanking primer 

pairs. The default criteria were used to design the primers, which included a product size range 

of 120-300 bp, a primer size of 17-21 (bp) with 19 selected as the optimum, a melting 

temperature between 52-58 oC, a 50% GC content and a GC clamp of one. Primer pairs were 

discounted if more than five bp mononucleotide repeats were present within the region between 

the primers and the microsatellite locus or within the primer region itself. A 19 bp tail was 
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added to the 5’ end of the forward primer, and a pigtail sequence was added to the 5’ end of 

the reverse primer (Brownstein et al., 1996). 

2.3.2 Microsatellite marker trialling and statistical analysis 
 

In total, 55 primers were designed, and through the initial screening of eight individuals of L. 

bullata from a Wellington population, 36 were identified as amplifying well with the 

approximately correct product size visible on a 1.5% agarose gel. These 36 primers were then 

screened on 15 individuals of L. bullata from five different sites: Northland, Tauranga, 

Taranaki, Te Kuiti, and Wellington. PCR was carried out with each reaction having a total 

volume of 10 µL. This contained: 3.7 µL of H2O, 1x BD buffer (Solis Biodyne, Tartu Estonia), 

2.5 µM of MgCl2, 10 µM of each dNTPs, 2.5 µM of forward primer, 4.5 µM of reverse primer, 

4.5 µM of M13 tail primer labelled with either VIC, NED or FAM (depending on the marker), 

0.5 U of FIREPol Taq DNA Polymerase (Solis Biodyne, Tartu, Estonia) and 1 µL of 1:10 

diluted genomic DNA template. PCR was performed with cycling conditions as follows: 3 

minutes at 95o C, 30 cycles of 30 minutes at 95o C, 40 minutes at 52o C, 40 minutes at 72o C 

and then a final extension for 20 minutes at 72o C. 

The PCR products were then checked on a 1.5% agarose gel stained with ethidium bromide. 

For successfully amplified loci, 3 µL of the PCR products from four different loci were pooled, 

and 1.25 µL of that pooled solution was added to 9 µL of Hi-Di formamide (Applied 

Biosystems) and CASS ladder (Symonds & Lloyd, 2004). The samples were separated and 

sized by capillary electrophoresis on an Applied Biosystems 3130XL genotype analyser at the 

Massey Genome Service (Palmerston North, New Zealand). Allele scoring was completed 

using GENEMAPPER (version 4.0) (Applied Biosystems).  

Of these 36 markers, several were discounted because they were monomorphic or showed 

evidence of amplification of more than one locus. Twelve of the 36 markers were selected for 

subsequent trialling based on consistent and clean amplification and relatively moderate levels 

of variability (Table 2.1). Using the above methods, the markers were then trialled on a further 

24 individuals from four different populations; Northland, Auckland, Taranaki, and 

Wellington. The 12 microsatellite markers were also successfully checked for cross-

amplification in the closely related species Lophomyrtus obcordata, using 12 individuals from 

one South Island population. The number of alleles per locus per population, observed 

heterozygosity, expected heterozygosity, and Hardy-Weinberg equilibrium (HWE) were 

calculated using GenAlEx software (version 6.5) (Peakall & Smouse, 2006, 2012). 
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2.4 Results 
 

A total of 64 alleles were identified across the 12 loci using 94 individuals from four different 

populations (Table 2.2). The number of alleles per locus ranged from three to eight, with an 

average of 3.71 (SE = 0.26), and private alleles were observed at 14 separate loci. The observed 

heterozygosity ranged from 0 to 0.91, and the expected heterozygosity ranged from 0 to 0.83. 

The total mean for the observed and expected heterozygosities across all populations and loci 

was 0.46 (SE = 0.04) and 0.47 (SE = 0.03), respectively. Four loci showed significant 

deviations from the HWE due to heterozygosity deficiency (Table 2.2).

Locus Primer Sequence (5’-3’) Repeat motif 
Allele size 
range (bp) 

M13 dye 

LB55 
F: TCTACGGCCAAGGAAAGTGC 
R: TGCCAGTTGATTAAGGGTAAC 

AT 274-296 FAM 

LB44 
F: CGCCCTTTGATTGATCGCTG 
R: TGCCACGTGTAAGGTTGGAC 

TC 313-335 VIC 

LB54 
F: TCGTCACACTTTATGGCCGC 
R: GAAGCCTTTCCCCCTCGATC 

GA 244-256 NED 

LB42 
F: ATCACTGATAAGGCCACCGG 
R: ACAGACAATCCCCGGAAGAC 
 

TG 262-272 FAM 

LB25 
F: GACCAAGTCATCGGTCTTC 
R: TCAGATTCCAACAGGACAAG 

AG 285-290 VIC 

LB31 
F: AGGGTATCAGGTTTTGGGCC 
R: TGTTCAGATGGTAGTCTCGC 
 

CT 353-365 NED 

LB41 
F: TTTTTGACTGGGGTGGGTCC 
R: TAGTGGGTGTGATGGATGGC 
 

CA 219-229 FAM 

LB33 
F: GCTCAGGCCAGGAAAATCATG 
R: GACACAGGGCTTGCATTTGG 
 

CT 265-291 VIC 

LB30 
F: CATGCACAAGTACATCCCCG 
R: TTACATATCCTGGCGGCTGC 
 

GA 339-346 NED 

LB47 
F: CATTTGCCTGCCTCATCCAC 
R: TTCATGGGTCACAGAAGCCC 
 

CT 194-205 FAM 

LB40 
F: CATGACGCCTTGTGTTCTGTG 
R: AATTCCAGTTACCCTCGCCG 
 

CT 280-290 VIC 

LB39 
F: GCTTTGTGTTCTTCCTTGGCC 
R: ACGGTGAGGTGGTTTTGGG 

CA 287-303 NED 

Table 2.1. Characteristics of 12 microsatellite markers developed for Lophomyrtus bullata.  
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Locus 
Northland Auckland Taranaki 

 
Wellington 

N Na Ho He  N Na Ho He  N Na Ho He N Na Ho He 

LB55 21 4 0.19 0.47*  23 5 0.48 0.57  23 2 0.13 0.12  22 1 0.00 0.00 

LB44 20 8 0.85 0.83  23 9 0.91 0.76  24 6 0.67 0.71  23 4 0.39 0.42 

LB54 22 4 0.64 0.53  21 5 0.38 0.59*  24 3 0.50 0.52  23 4 0.74 0.62 

LB42 23 3 0.65 0.53  22 2 0.09 0.09  24 2 0.04 0.04  23 2 0.13 0.12 

LB25 23 3 0.61 0.51  22 2 0.14 0.13  24 2 0.33 0.50  23 2 0.48 0.47 

LB31 21 6 0.57 0.73*  23 4 0.65 0.66  24 4 0.63 0.69*  23 5 0.74 0.60 

LB41 22 6 0.55 0.51  22 5 0.46 0.42  24 3 0.50 0.44  23 2 0.09 0.08 

LB33 21 6 0.57 0.77  22 8 0.91 0.77  24 4 0.63 0.64  23 5 0.70 0.71 

LB30 20 2 0.35 0.35  22 3 0.23 0.21  24 1 0.00 0.00  23 2 0.04 0.04 

LB47 22 3 0.68 0.61  22 3 0.41 0.46  24 2 0.50 0.5  23 3 0.39 0.52 

LB40 22 3 0.27 0.24  21 4 0.62 0.54  23 3 0.48 0.44  23 2 0.48 0.5 

LB39 21 5 0.71 0.68  22 4 0.68 0.57  24 4 0.38 0.61  23 3 0.48 0.55 

Mean 21.50   4.42 0.55 0.56  22.10 4.50 0.50 0.48  23.80 3 0.4 0.43  22.9 2.92 
 

0.3 

SE 0.29 
 
 

0.06 0.05  0.19 0.62 0.08 0.07  0.11 0.39 0.07 0.07  0.08 0.38 0.08 0.073 0.51 

Table 2.2. Results of initial primer screening in four populations of Lophomyrtus bullata. Column labels are: number of samples (N), number of 
alleles (NA), observed heterozygosity (Ho), expected heterozygosity (He). *Significant deviation from HWE (P< 0.01). 

0.39 
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2.5 Discussion  
 

A total of 55 microsatellite loci were isolated and developed into markers for the endemic New 

Zealand species, Lophomyrtus bullata. From these initial 55, it was noted that 12 markers had 

consistent and clean amplification, and further screening found that these loci had moderate 

levels of polymorphism. An average of 3.71 alleles per locus and a total mean expected 

heterozygosity of 0.47 was observed in four populations of 24 individuals of L. bullata. These 

values are similar to another endemic New Zealand Myrtaceae species, Metrosideros bartlettii, 

which had an expected heterozygosity of 0.48 (Melesse, 2017). These species have similar life 

history traits, but M. bartlettii has a significantly smaller geographical range (de Lange, 2022b). 

Only three populations of M. bartlettii survive, and all are located in the upper Northland, with 

most only having a few individuals per population (Melesse, 2017). However, the variation 

observed in the microsatellite markers developed for L. bullata contradicts the general trend of 

higher expected heterozygosity in plant species with similar life history traits (Nybom, 2004). 

For example, long-lived perennial species have a mean expected heterozygosity of 0.68, and 

outcrossing species have a mean of 0.65 (Nybom, 2004). Similarly, the microsatellite markers 

developed for the endemic New Zealand species Pseudopanax crassifolius had a higher 

expected heterozygosity compared to these markers (Shepherd et al., 2008). 

The average number of alleles per locus observed for the developed markers are also lower 

than that of other long-lived, woody Myrtaceae species. For example, Myrtus communis (5.91 

alleles across two populations) (Albaladejo et al., 2010), Pimenta pseudocaryophyllus (5.42 

alleles across two populations) (Morgante et al., 2012), and Eucalyptus leucoxylon (12.3 alleles 

across two populations) (Ottewell et al., 2005). However, the overall low variability observed 

in these markers could potentially be due to the low amount of diversity present in populations 

of L. bullata rather than the markers themselves. 

The twelve microsatellite markers developed in this paper could be applied to other 

applications. Microsatellites have been used to construct genome maps of many plant species, 

including spinach (Spinacia oleracea) (Khattak et al., 2006), eggplant (Solanum melongena) 

(Stàgel et al., 2008), Quercus robur, and Castanea sativa (Barreneche et al., 2004). They have 

additionally been employed in the construction of quantitative trait loci (QTL) maps for highly 

valued traits in plants, such as disease resistance (Lagat et al., 2008; Suwabe et al., 2006). This 

is especially relevant to these markers developed for the myrtle rust-threaten L. bullata. This 

is because if a link is established between a developed marker and possible myrtle rust 
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resistance, this could aid future restoration projects by potentially using marker-assisted 

selection to breed in natural resistance to myrtle rust. Such microsatellite markers have been 

developed and employed for Barley (Hordeum vulgare), where a microsatellite locus tightly 

linked to a locus responsible for resistance to the barley yellow virus was identified (Tyrka et 

al., 2008). Similarly, microsatellite markers linked with resistance to a fungus (Erysiphe pisi) 

were identified in the pea species Pisum sativum (Ek et al., 2005). The successful transferability 

of these markers to L. obcordata means they could also potentially be employed in a similar 

population genetic study focusing on the species. This is necessary because L. obcordata is 

similarly threatened by myrtle rust (Sutherland et al., 2020), and a population genetic study 

could provide important information for the conservation of the species.  

2.6 Conclusions 
 

A set of 12 microsatellite markers were successfully developed for Lophomyrtus bullata and 

will be suitable for investigating the population genetics of the species. These markers will 

provide information on the genetic diversity, patterns of gene flow, and population dynamics 

of L. bullata. This knowledge will help to guide the conservation management of Lophomyrtus 

bullata.  
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Chapter 3 
 

Population genetics of Lophomyrtus bullata (Myrtaceae) 
 
 

3.1 Abstract  
 
The conservation of threatened endemic species is vital to preserving a region's biodiversity.   

Lophomyrtus bullata is an endemic woody shrub or small tree species threatened by the arrival 

of the pathogenic fungus Austropuccinia psidii in New Zealand. High susceptibility to the 

disease has resulted in populations declining at an alarming rate. This decline in numbers could 

also be reflected in a decrease in genetic diversity, which could limit the species’ ability to 

respond to evolutionary pressures, thus potentially increasing its extinction risk. Twelve 

microsatellite markers were used to assess the genetic variation and structure of 18 populations 

of L. bullata. In addition, one population of the similarly threatened L. obcordata and two 

putative L. bullata x L. obcordata hybrid populations were also included in the analysis. Across 

populations of L. bullata, a total of 97 alleles were detected, with very few private alleles. A 

low expected heterozygosity (He = 0.44) and a low genetic differentiation between populations 

(FST = 0.14) were additionally observed. Populations were found to cluster into five distinct 

genetic groups corresponding to the populations' geographical distribution. A distinct genetic 

separation of the upper and the lower North Island sites occurring along the biogeographical 

pattern known as the Taupo line was also observed. These results could be useful as a guide 

for seed banking collections, population management, and re-vegetation projects, all of which 

can help contribute to the successful long-term conservation of Lophomyrtus bullata.  
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3.2 Introduction 
 

Understanding the genetic diversity and population structure of a species is an important aspect 

of conservation biology (DeWoody et al., 2021; Kardos et al., 2021). The level of genetic 

diversity determines a species’ ability to adapt to environmental changes, with low diversity 

typically associated with inbreeding and reduced fitness (Charlesworth & Willis, 2009; Frankel 

& Soule, 1981; Kardos et al., 2021). How genetic variation is distributed across a species' 

geographical range often reflects connectivity among populations, and the degree of gene flow, 

which can additionally be used to make inferences about life history (Aguilar et al., 2008; 

Hamrick & Godt, 1996; Nybom, 2004). This knowledge of a species can be readily applied to 

conservation practices, including identifying high-priority sites for conservation, determining 

the need for eco-sourcing in restoration projects, and ensuring germplasm collections are made 

from viable populations that represent the entire genetic range of the species (Frankel & Soule, 

1981; Schoen & Brown, 2001). Application of such information has contributed to the 

conservation of many threatened species around the world (e.g., Coates et al. (2015); 

Hindrikson et al. (2017); Maki (2003); Szczecinska et al. (2016)), as well as to the conservation 

of several New Zealand species (e.g., Barnaud and Houliston (2010); Broadhurst et al. (2008); 

Smissen et al. (2011); Young et al. (2001)).  

New Zealand has a high frequency (approximately 83-85%) of endemic vascular plant species 

(McGlone et al., 2001; Millar et al., 2017), which have a rich and complex history. Many New 

Zealand plant species would have survived numerous widescale geological changes since the 

Miocene, including submersion, glaciation, and volcanism, resulting in severe population 

bottlenecks and subsequent radiations (Fleming, 1979; Lockhart et al., 2001; McGlone et al., 

2001; Meudt et al., 2015). More recently, endemic species have been impacted by the 

introduction of exotic pests and diseases and human-mediated habitat destruction and 

fragmentation (Beggs, 2001; Bradshaw et al., 2020; Craig et al., 2000). This has contributed to 

approximately 45% of the New Zealand indigenous vascular flora being listed as ‘at-risk’ or 

‘threatened’ under the NZ classification system (de Lange et al., 2018). The potential extinction 

of these at-risk species contributes to a global loss of biodiversity and leads to the disruption 

of ecosystem services and functions on which many species, including humans, depend 

(Balvanera et al., 2006; Cadotte et al., 2008; Ceballos et al., 2017; Daily, 1997; Quijas et al., 

2010). Therefore, protecting and conservating New Zealand’s endemic plant species are critical 

foci. 
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The conservation status of the endemic New Zealand species Lophomyrtus bullata (ramarama) 

was elevated to ‘threatened – nationally critical’ following the establishment of the invasive 

fungal pathogen Austropuccinia psidii (Sphaerophragmiaceae) (Beresford et al., 2018; de 

Lange et al., 2018; Du Plessis et al., 2019; Ho et al., 2019).  Lophomyrtus bullata forms a shrub 

or small tree at maturity and is one of the 28 Myrtaceae species found in New Zealand (Allan, 

1961; de Lange, 2014). It has characteristic bullate or ‘bubble-like’ leaves that are green with 

an occasional red pigmentation and flowers with five white petals and numerous stamens 

(Allan, 1961). The species is insect pollinated (mainly by bees), and the seeds are encased in 

red berries that are bird dispersed (Allan, 1961; Kelly et al., 2010; Westphal, 2019). 

Traditionally, Māori used the fruits of L. bullata as a food source and the leaves for medicinal 

purposes (Best, 1942; Cambie & Ferguson, 2003; Riley, 1994).  The species is distributed 

around the North Island and the north-eastern corner of the South Island and is generally found 

in lowland podocarp forests, where it forms an integral part of the forest understory (Allan, 

1961; Cheeseman, 1906; Jo et al., 2022). In habitats where L. bullata is found in sympatry with 

its congener, L. obcordata, the two species often produce hybrid offspring, with the hybrids 

referred to as Lophomyrtus x ralphii (de Lange, 2022).  Lophomyrtus obcordata and the hybrids 

are similarly threatened by Austropuccinia psidii (Beresford et al., 2020; de Lange et al., 2018), 

in addition to numerous other native and endemic New Zealand Myrtaceae species (Smith et 

al., 2020).   

The fungal pathogen Austropuccinia psidii, known as myrtle rust, was first described in South 

America (Winter, 1884) and exclusively effects members of the Myrtaceae family (Carnegie 

& Pegg, 2018). Infection occurs through airborne spores that cause the appearance of clusters 

of yellow urediniospores on young tissue, mainly shoots and leaves (Beresford et al., 2020; 

Pegg et al., 2014). However, flowers and fruits of susceptible species can also be impacted, 

and repeat infections can cause extensive loss of foliage and plant mortality (Carnegie et al., 

2016; Pegg et al., 2014; Sutherland et al., 2020). Lophomyrtus bullata is highly susceptible to 

the disease, and, to date, there have been no observations of any natural resistance (Sutherland 

et al., 2020; Toome-Heller et al., 2020). Instead, populations of L. bullata are rapidly declining, 

with infection causing shoot-tip dieback, premature dropping of fruits, and mortality of both 

seedlings and adult plants (Beyond-Myrtle-Rust, 2020; Sutherland et al., 2020; Toome-Heller 

et al., 2020), all of which can heavily impact the natural regeneration of populations. A 

similarly severe level of infection was reported for many native Australian Myrtaceae species, 

several of which are now facing extinction (Carnegie et al., 2016; Pegg et al., 2017). This 
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indicates L. bullata is at serious risk of localised extinction in New Zealand (Sutherland et al., 

2020). This myrtle-rust-driven extinction of native species will hugely impact plant 

communities and ecosystems. Such extinctions could also lead to changes in forest composition 

and structure, increasing the ease with which exotic species can invade (Carnegie et al., 2016; 

Parker et al., 1999). Additionally, extensive loss of individuals can lead to a decrease in 

photosynthesis, productivity, and nutrient cycling in forests (Bilgin et al., 2010; Carnegie et 

al., 2016), potentially negatively impacting other native flora and fauna.    

There is currently no information on the genetic diversity or population structure of 

Lophomyrtus bullata. To address this knowledge gap and to support conservation efforts, 

polymorphic microsatellite loci were developed to analyse populations across the species’ 

natural geographic range. Lophomyrtus obcordata and putative L. bullata x L. obcordata 

populations also were included in the analysis to assess the potential effects of hybridisation 

on the species. The patterns observed here are used to investigate possible biogeographic 

influences on the distribution of genetic variation and should inform and support the future 

conservation management of the species.   

3.3 Methods 
 

3.3.1 Sample collection 
 

A total of 406 individuals of L. bullata were collected from 18 sites covering the geographical 

range of the species (Fig. 3.1).  A range of 20-25 individuals were sampled from each site, with 

an average of 21.3. A further 20 individuals were collected from each of the two L. bullata x 

L. obcordata putative hybrid sites, and a further 20 individuals (12 were used in the current 

study) of L. obcordata were collected from a South Island site. To avoid repeated sampling of 

the same individual and to ensure an unbiased representation of the population, individuals 

were randomly sampled along a transect line. The sampled individuals’ spacing varied to 

accommodate both the site and population size. For each individual, two to three leaves were 

collected and placed in zip-lock plastic bags containing silica gel to desiccate and preserve the 

tissue until further use. A photo voucher for each population was made, and GPS coordinates 

(Supplementary Table 1) and other relevant observations were noted.  
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Collections were made between March - October 2022. The collection sites included 

Department of Conservation (DoC) land, privately and iwi-owned land, and land under the 

control of the Auckland regional council (Fig 3.1). Approval for sampling in the Auckland 

regional council site was obtained through the Manaaki Whenua-Landcare Research, Beyond 

Myrtle Rust program and was granted by the owner or iwi for privately or iwi-owned land. For 

the DoC reserve sites, permission was granted utilising the Manaaki Whenua-Landcare 

Research Global concession (permit no. CA-31615-OTH). Local iwi was contacted for each 

site, with consultation and approval sought for sampling.   

Precautions were taken when collecting to limit the spread of myrtle rust between different 

sites and individuals within the same site. These precautions included: the wearing of overalls 

and hats that were removed and bagged before leaving each site and washed between site visits, 

all equipment and footwear were cleaned after use at each site with 70% ethanol (or isopropyl 

alcohol), and gloves were worn when collecting on site and cleaned with 70% ethanol (or 

isopropyl alcohol) between individual collections. Great care was also taken to avoid the 

collection of infected material. The approximate population size and associated flora were also 

noted for each site, as well as any evidence of either current or past infection of myrtle rust.   

3.3.2 DNA extraction and microsatellite amplification  
 

Samples were left to dry in the silica gel for at least one week. DNA was extracted from the 

sampled material using a modified DNeasy Plant mini kit protocol (Qiagen). Step 11 of the 

protocol was not repeated, resulting in the final volume of 100 µL of eluted DNA. A volume 

of 2 µL of the DNA samples were then run on a 1% agarose gel (comprised of agarose and 

TBE buffer, which contained: Tris (HCl), Boric acid and EDTA) at 75V for 45 minutes, and 

the gel was then stained with ethidium bromide and visualised using UV light. This was to 

check for the concentration and quality of the DNA samples. Samples that were deemed to be 

of poor quality were not used in subsequent analyses. All individuals were screened at the 

twelve microsatellite loci developed for L. bullata following the same PCR and genotyping 

methods described in Chapter 2.  
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3.3.3 Data processing and genetic diversity analyses 
 

Individuals with missing data for more than three loci (a total of six individuals) were removed 

from the analysis, leaving a total of 452 individuals for further analysis. The data was formatted 

for GenAlEx software (version 6.5) (Peakall & Smouse, 2006, 2012) and checked for null 

alleles and possible sequencing errors using MICRO-CHECKER software (version 2.3.3) (Van 

Oosterhout et al., 2004). For all following analyses, the dataset was split into two different 

Key: 

Species 

     L. bullata 

     Lophomyrtus hybrids 

     L. obcordata  
 
 
Sites 
SF:      Six Foot Track 
MB:    Maunganui Bluff 
HNA:  Hunua Park 
CFP:    Coromandel Park 
KM:    Kaimai Mamaku 
ECO:   East Cape One 
ECT:    East Cape Two 
TOT:   Te Toto Gorge 
MAN: Mangapohue  
OM:   Omaru Falls  
MM:  Mt Messenger 
MOW:  Meeting of the  
           Waters  
KR:     Kaitake Ranges 
HB:     Home Bush 
WHN: Whanganui Park  
BP:      Bruce Park 
OR:     Ohinereiata 
WA:    WA Miller Park 
REK:   Remutaka Park 
PBS:   Pelorus Bridge 
SIR:    South Island  
           Rōhutu  
 
 

SF 

 MB 

HNA CFP 

KM 

ECO 
ECT 

TOT 

MAN 

OM MM 

MOW 
KR 

HB WHN 

BP 
OR 

WA 

REK 

PBS 
SIR 

Figure 3.1 Map of sampling sites for Lophomyrtus bullata, L. obcordata, and putative hybrids. Each 
coloured circle indicates the GPS coordinates taken for a particular site.  
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datasets; dataset L.bull which contained only the 18 L. bullata sites, and dataset L.all, which 

contained the same 18 L. bullata sites in addition to the two putative hybrid sites (Meeting of 

the Waters and WA Miller Memorial Park), and twelve individuals of L. obcordata. This 

partitioning allowed for separate analyses to be completed on the data both with and without 

the influence of hybridisation. The number of alleles, number of effective alleles, number of 

private alleles, observed and expected heterozygosity, Wright’s fixation indices (Wright, 

1931), deviations from Hardy-Weinberg Equilibrium (HWE), and pairwise FST distance 

matrices were all calculated using GenAlEx (version 6.5).  Regression analyses between 

expected heterozygosity and latitudinal distance and the number of alleles per locus (Na) and 

latitudinal distance were additionally calculated in Excel. 

3.3.4 Genetic structure analyses 
 

The datasets were then exported separately into STRUCTURE (Pritchard et al., 2000) to 

identify genetic groups. The parameters used for each analysis were: 150,000 iterations of burn-

in and 1,000,000 Monte Carlo Markov Chain iterations, with the admixture model used and 

allele frequencies set to correlated. K=1-10 were analysed with ten replicate runs. The resulting 

output files were uploaded to STRUCTURE HARVESTER (version 0.6.94) (Earl & VonHoldt, 

2012) to test for the mean likelihood of K values using the Evanno method (Evanno et al., 

2005). The STRUCTURE results were additionally uploaded to CLUMPAK (Kopelman et al., 

2015), which uses a Markov clustering algorithm to cluster replicate runs for the same and 

across different K values. This allowed for the identification of the optimal alignment of the 

replicate runs for each K and for comparisons between different K values to be made.   

For further analyses, the two datasets were separately imported into R studio (RStudio-Team, 

2020). The provesti.dist function from the R package poppr (Kamvar et al., 2014) was 

employed to generate a population-level genetic distance matrix. The distance matrices were 

then separately converted into the Nexus format and exported to SplitsTree5 (Huson & Bryant, 

2006) to create a population-level Neighbor-net spilts graph.  

The R package adegenet was then employed to produce a centred PCA for both dataset L.bull 

and dataset L.all. The datasets were scaled using the scaleGen function, and the zero method 

was used to replace missing data. The first two principal components were retained for analysis.  

The datasets were then analysed using Discriminant Analysis of Principal Components 

(DAPC) (Jombart et al., 2010). The find.clusters function in the R package adegenet (Jombart, 
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2008) was used first to transform the data into principal components, then cluster the data into 

a specified number of groups. The Bayesian information criterion (BIC) identified a K of ~7 as 

the most supported number of groups for the dataset L.bull and a K of ~12 for the dataset L.all. 

However, K-means of 2-12 for both datasets were investigated and were also visualised 

utilising the compoplot function. For all DAPC analyses, 40 Principal Components (PCs) were 

retained, and the first two were plotted.  

Due to the continuous nature of the genetic variation present in these datasets, the clustering 

algorithm of DAPC did attempt to identify groups that are structured in a gradient. This results 

in groupings that contain a large degree of overlap, which makes it difficult to interpret. The 

authors of the software acknowledge such problems with continuous data (Jombart et al., 

2010), and they suggest using the scatterplot function. This allows the interpretation of any 

genetic structure across such gradients (Jombart et al., 2010). This method for visualisation 

was applied to these datasets. Original DAPC plots can be found in the Supplementary 

Information (Supplementary Figs 2, 4).  

An AMOVA test was performed in GenAlEx (version 6.5) to determine how the variation 

present is partitioned within and among populations. The test was completed using 999 

permutations and was performed on both datasets, L.bull and L.all, and on additional datasets 

where the 18 populations were grouped based on their STRUCTURE and Neighbor-net 

clusters. The latter was used to compare genetic differentiation among genetic groups identified 

using those methods; these datasets had a total of seven clusters, including Northland (SF and 

MB), Bay of Plenty (HNA, CFP, and KM), East Cape (ECO and ECT), Waikato (TOT, MAN, 

OM), Taranaki (MM, KR, HB, WHN, PBS), Lower North Island (BP, OR and REK), and 

putative hybrid and L. obcordata (MW, WA, and SIR) populations.  

Only dataset L.bull was used to test for isolation by distance via the Mantel test due to Meeting 

of the Waters and WA Miller Memorial Park populations containing putative hybrids. For the 

Mantel test, GENEPOP software (version 4.7.5) (Raymond, 1995; Rousset, 2008) was used to 

transform pairwise FST values into FST(1-FST) (Rousset, 1997), which was tested against the 

geographical distance and the natural log of geographical distance in GenAlEx (version 6.5). 

A Mantel test using both pairwise FST values against the geographical distance was also 

calculated in GenAlEX.  

 



50 
 

 

3.4 Results 
 

3.4.1 Microsatellite diversity  
 

All twelve microsatellite loci amplified successfully, with a total of 97 alleles identified. There 

was an average of 3.4 alleles per locus and a range of 1-9 (Table 3.1). MICRO-CHECKER 

identified potential null alleles at one locus (LB47), though this is due to an excess of 

homozygosity, which could be due to reasons other than the presence of null alleles. Most loci 

showed significant deviations from HWE for at least one population due to heterozygosity 

deficiency. Despite these observations, the data were unmodified for future analyses, as 

removing these loci would likely decrease the resolution of genetic structure, impacting the 

interpretation of results (Dharmarajan et al., 2013).    

3.4.2 Genetic diversity  
 

The summary statistics for each population are reported in Table 3.1. The mean observed 

heterozygosity across all populations and loci was 0.43; the lowest was in the KR population 

(0.35), and the highest was in the SF population (0.56). The mean expected heterozygosity was 

0.44, with 0.36 (OR) the lowest and 0.57 (SF) the highest. The FIS values ranged from -0.08 

(MM) to 0.08 (ECT) (Table 3.2). The population with the greatest number of private alleles in 

the dataset L. bull was equally SF and HNA with three private alleles. In the dataset L.all, SIR 

had the greatest number of private alleles with nine (Table 3.1); however, this is not quite a fair 

comparison as the SIR site is an L. obcordata population, and it is expected that comparison 

between this population and populations of a different species would lead to such a result. The 

analysis between expected heterozygosity and latitudinal distance for the L. bullata populations 

showed a correlation with expected heterozygosity decreasing with latitudinal distance. The 

regression analysis for this correlation was significant (P < .00005, R2 = 0.72) (Supplementary 

Fig 5). The analysis between the number of alleles per locus and latitudinal distance showed a 

similar correlation, with the number of alleles per locus decreasing with latitudinal distance 

and was additionally significant (P value: 0.00002, R2: 0.66) (Supplementary Fig 6). 

 

 

 
Table 3.1.  Population genetic statistics for populations of L. bullata, L. obcordata, and Lophomyrtus hybrids. 
Column labels are: number of samples (N), number of alleles (NA), number of effective alleles (Ne), number 
of private alleles (PA), percentage of polymorphic loci (%P), observed heterozygosity (Ho), expected 
heterozygosity (He), and fixation index (FIS).  
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Site 
Site 

Code 
N Na Ne Pa %P Ho He FIS 

Six Foot Track SF 22 4.42 2.75 3 100 0.56 0.57 0.01 

Maunganui Bluff MB 18 4.33 2.80 2 100 0.46 0.53 0.07 

Hunua Park HNA 22 4.42 2.30 3 100 0.51 0.47 -0.06 

Coromandel Park CFP 22 3.92 2.54 2 100 0.49 0.52 0.04 

Kaimai Mamaku KM 22 3.67 2.23 0 100 0.48 0.48 -0.01 

East Cape One ECO 20 3.17 2.37 2 83.33 0.47 0.49 0.04 

East Cape Two ECT 20 3.00 1.97 0 83.33 0.38 0.40 0.08 

Te Toto Gorge TOT 24 3.8 2.11 1 100 0.42 0.43 0.03 

Mangapohue MAN 23 3.92 2.27 1 100 0.51 0.47 -0.05 

Omaru Falls OM 24 3.10 2.06 0 100 0.40 0.42 0.05 

Mt Messenger MM 22 2.83 1.88 0 83.33 0.42 0.39 -0.08 

Meeting of the Waters MOW 20 3.92 2.71 1 100 0.54 0.56 0.03 

Kaitake Ranges KR 24 2.67 1.85 0 75 0.35 0.37 0.06 

Home Bush HB 24 3.00 2.05 0 91.67 0.4 0.43 0.04 

Whanganui Park WHN 23 2.75 1.94 0 83.33 0.41 0.42 0.04 

Bruce Park BP 24 3.25 2.06 1 83.33 0.42 0.42 0.02 

Ohinerata OR 24 2.83 1.75 1 83.33 0.38 0.36 -0.03 

WA Miller Park WA 20 2.92 2.28 0 91.67 0.59 0.51 -0.16 

Remutaka Park REK 23 2.83 1.90 1 83.33 0.38 0.38 -0.01 

Pelorus Bridge PBS 19 2.92 1.91 1 91.67 0.38 0.39 0.07 

South Island Rōhutu SIR 12 3.83 2.42 9 91.67 0.44 0.42 -0.06 
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3.4.3 Genetic structure of Lophomyrtus bullata  
 

The FST value for all populations of L. bullata was 0.14, suggesting low to moderate levels of 

genetic differentiation among populations (Table 3.2). The highest difference in pairwise FST 

was for ECT and KR (0.18), and the lowest difference in pairwise FST values was equally for 

BP and PBS (0.03) and HNA and TOT (0.03) (Table 3.2). Using the Evanno method, the 

STRUCTURE analyses for the dataset L. bull showed that K=2 had the strongest support (Fig. 

3.2, Supplementary Fig 1). However, the Evanno method cannot determine a Delta K value for 

K=1. It has been suggested that if a Delta K value for K=2 is >53, then there is good support 

for the solution (Cullingham et al., 2020), suggesting that the K=2 results for L. bullata are well 

supported. The results for K=2 were also plotted according to geographical location to 

determine if the results made biological sense (Fig.3.3).  

The next strongest support was at K=5. Both the Evanno method and the STRUCTURE mean 

likelihood method indicated support for this group, and higher K values showed increased 

instability in groupings. The groupings at K=5 correspond to the geographic locations of the 

sites (Fig. 3.4). However, there appears to be a high degree of admixture. At K=2, all upper 

North Island sites (SF, MB, HNA, CFP, KM) and the East Cape sites (ECO, ECT) grouped 

together, and all sites south of 38o latitude grouped together (MM, KR, HB, WHN, BP, OR, 

REK, PBS), with the three Waikato populations (TOT, MAN, OM) appearing as a stratified 

gradient between the North and South groups (Fig.3.2). At K=3, the East Cape populations 

(ECO, ECT) are clustered together in a separate group from the original north-south groupings. 

However, there is an overlap with the Tauranga population (KM). At K=4, the Waikato (TOT, 

MAN, OM), Taranaki (MM, KR, HB), Whanganui (WHN), and South Island populations 

(PBS) are clustered together, though this is subdivided at K=5 into two groups, one containing 

all Waikato populations (TOT, MAN, OM), and the other containing the remaining 

populations.  
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 SF MB HNA CFP KM ECO ECT TOT MAN OM MM MOW KR HB WHN BP OR WA REK PBS 

MB 0.04                    

HNA 0.05 0.04                   

CFP 0.07 0.05 0.03                  

KM 0.05 0.06 0.03 0.04                 

ECO 0.08 0.08 0.05 0.05 0.06                

ECT 0.11 0.12 0.07 0.08 0.08 0.05               

TOT 0.06 0.05 0.03 0.05 0.04 0.07 0.10              

MAN 0.06 0.06 0.05 0.06 0.05 0.09 0.13 0.03             

OM 0.06 0.05 0.04 0.04 0.03 0.09 0.11 0.03 0.04            

MM 0.09 0.09 0.07 0.08 0.09 0.14 0.15 0.05 0.05 0.04           

MOW 0.07 0.09 0.06 0.06 0.07 0.11 0.12 0.07 0.07 0.06 0.08          

KR 0.1 0.11 0.09 0.09 0.09 0.16 0.18 0.06 0.05 0.06 0.05 0.08         

HB 0.09 0.09 0.06 0.07 0.07 0.13 0.14 0.06 0.04 0.04 0.03 0.07 0.03        

WHN 0.07 0.06 0.06 0.07 0.07 0.12 0.17 0.04 0.03 0.05 0.05 0.08 0.04 0.04       

BP 0.08 0.1 0.07 0.09 0.08 0.15 0.17 0.07 0.04 0.06 0.05 0.08 0.04 0.03 0.04      

OR 0.08 0.1 0.07 0.11 0.09 0.15 0.17 0.06 0.06 0.06 0.07 0.08 0.04 0.06 0.05 0.04     

WA 0.09 0.08 0.07 0.08 0.11 0.12 0.15 0.08 0.07 0.08 0.10 0.06 0.11 0.09 0.09 0.10 0.11    

REK 0.09 0.12 0.07 0.10 0.09 0.14 0.14 0.08 0.07 0.06 0.05 0.08 0.05 0.04 0.06 0.03 0.04 0.11   

PBS 0.08 0.09 0.06 0.09 0.07 0.14 0.15 0.06 0.05 0.04 0.03 0.08 0.04 0.03 0.04 0.03 0.05 0.10 0.03  

SIR 0.23 0.23 0.25 0.23 0.27 0.27 0.31 0.26 0.24 0.27 0.29 0.16 0.29 0.27 0.27 0.28 0.30 0.18 0.29 0.30 

Table 3.2.  Pairwise FST between populations of L. bullata, L. obcordata, and Lophomyrtus hybrids. 
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Figure 3.2 STRUCTURE plots for L. bullata only. Sites are labelled by site code (bottom), K value (left), 
and Delta K value (right). 

Six Foot Track 

Maunganui Bluff 

Hunua Park 

Coromandel Park 

Kaimai-Mamaku Park 

East Cape One 

East Cape Two 

Te Toto Gorge 

Mangapohue  

Omaru Falls  

Mount Messenger  

Kaitake Ranges 

Home Bush 

Whanganui Park 

Bruce Park  

Ohinereiata  

Remutaka Park 
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Figure 3.3 STRUCTURE plot results for K=2 in relation to the L. bullata population’s geographical 
locations. Each pie chart represents a sample site, with the colours representing the proportion of that 
populations’ membership to the genetic clusters identified by STRUCTURE.  
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The patterns observed in the population-level Neighbor-net analyses for the dataset L.bull are 

similar to the STRUCTURE analyses (Fig. 3.5). The largest split observed in the analysis 

separates the two East Cape populations (ECO, ECT) from the rest of the sites with the next 

longest distinguishing the two Northland populations (SF, MB). In each case, the two 

populations are further separated by long branches, suggesting further divergence within each 

region. The next longest split was between the Taranaki (MM, KR, HB), lower North Island 

(WHN, BP, OR, REK), and South Island (PBS) sites versus all sites North thereof. A smaller 

branch separates the Waikato sites (TOT, MAN, OM) from the rest of the upper North Island 

sites (SF, MB, HNA, CFP, KM), placing them in the middle of the network. The lower North 

Island and South Island sites are all clustered tightly together with short branches but are 

separated into two distinct groups: the Taranaki, Whanganui, and South Island sites (MM, KR, 

HB, WHN, PBS), versus the Manawatū, and Wellington sites (BP, OR, REK). 
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Maunganui Bluff 

Kaimai-Mamaku Park 

Figure 3.4 STRUCTURE plot results for K=5 in relation to the L. bullata population’s 
geographical locations. Each pie chart represents a sample site, with the colours representing 
the proportion of that populations’ membership to the genetic clusters identified by 
STRUCTURE.  
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The PCA results for the L.bull dataset show a north to south positioning among sites along the 

x-axis (Fig 3.6a). This north to south cline is most evident in the PCA with an orange-to-blue 

colour gradient applied (Fig 3.6b), the populations on the orange scale of the gradient represent 

the upper North Island sites, and populations on the blue scale of the gradient represent the 

lower North Island and South Island sites. The East Cape sites are coloured grey to avoid those 

sites interrupting the north to south pattern observed across the rest of the distribution. There 

is a high degree of overlap between sites, with the greatest overlap typically occurring between 

sites within the same region. Additionally, the Waikato, Taranaki, Whanganui, lower North 

Island, and South Island sites are more tightly clumped together (Fig 3.6a, b), suggesting these 

sites are more genetically similar. The first PC explains approximately 4.8% of the variation in 

the data, with the second PC explaining 3%. The PC explaining only a small amount of the 

variation may be due to the minimal variation within the species. The scatterplot of the DAPC 

for K=7 shows the same north to south cline, with the East Cape (ECO, ECT) individuals 

showing a moderate degree of separation from the other sites (Fig. 3.7a). Again, the north to 

south pattern is most obviously visible in the DAPC with the orange-to-blue colour gradient 

Northland: SF, MB East Cape: ECO, ECT Taranaki/Whanganui: MM, KR, HB, WHN 
 

South Island: PBS 

Auckland/Bay of Plenty: HNA, CFP, 
KM 

Waikato: TOT, MAN, OM Manawatū/Wellington: BP, OR, REK  

ECO 

ECT 

KM 

HNA 

Figure 3.5 Population-level Neighbor-Net analyses of L. bullata populations. Populations are 
labelled by site code, with coloured spheres indicating geographic locality.  
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applied (Fig 3.7b). Though this correlation is weaker in this analysis, it shows greater 

discrimination between the Taranaki sites and the lower North Island compared to the PCA.   

 

 

 

 

 

 

  

 

 

 

 

 

Northland: SF, MB East Cape: ECO, ECT Taranaki/Whanganui: MM, KR, HB, WHN 
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Auckland/Bay of Plenty: HNA, CFP, 
KM 

Waikato: TOT, MAN, OM Manawatū/Wellington: BP, OR, REK  

 
 

 
 
 
 

  

Figure 3.6 PCA plots of L. bullata populations. A, Pattern of variation represented by geographic locality. 
B, Pattern of variation showing north to south colour gradient, orange scale indicates northern populations, 
blue scale indicates southern populations, and grey indicates East Cape populations.   
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3.4.4 Genetic structure of the putative hybrids and Lophomyrtus obcordata sites  
 

The pairwise FST values for the L. obcordata population suggest significant genetic 

differentiation from the L. bullata populations, ranging from 0.23 to 0.31 (Table 3.2). The 

highest pairwise FST values are between ECT and SIR (0.31). As expected, the pairwise FST 

values for the L. obcordata population and the putative hybrid populations (MOW, WA) were 

considerably lower (0.16, 0.18), suggesting that they are more genetically similar. The results 

of the STRUCTURE analyses for the dataset L.all showed support at K=3, 4, and 6 (Fig.3.8). 

Similar to the L. bull dataset runs, there were high amounts of admixture among populations. 

The groups identified for K=2 were the same two groups identified for the L.bull dataset, in 

addition to the hybrid populations (MOW, WA) and the L. obcordata population (SIR) being 

grouped with the Northern sites (SF, MB, HNA, CFP, KM, TOT, MAN, OM) (Fig 3.2). At 

K=3, the hybrid (MOW, WA) and L. obcordata (SIR) populations are clustered in a separate 

group that is retained in the results of all higher K values. The following K values (4-6) split 

all other populations into the same five groups as described for the L.bull dataset. 

 

Figure 3.7 DAPC scatterplots of inferred L. bullata clusters. A, Pattern of variation represented by geographic 
locality. B, Pattern of variation showing north to south colour gradient, orange scale indicates northern 
populations, blue scale indicates southern populations, and grey indicates East Cape populations.   
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In the Neighbor-net analysis for the dataset L.all (Fig. 3.9a), the two putative hybrid 

populations WA and MOW are grouped together and are separated from the L. bullata sites by 

a long branch extension. The two putative hybrid populations are further separated, indicating 

that the hybrid populations are also relatively genetically different from each other. The L. 

obcordata site (SIR) is further split from the L. bullata and the putative hybrid populations by 

a long branch. Similar to all other analyses, the PCA for dataset L.all found that the greatest 

genetic distance is between the two species (Fig. 3.9b). The first PC explains 9.4% of the 

variation in the data, with the second PC explaining 3.8%. The DAPC revealed the same 

patterns as the PCA (Fig. 3.10). The L. bullata sites are clumped together on one side of the x-

axis, with the sole L. obcordata population positioned on the opposite and the two putative 

hybrid sites spaced in between (Fig. 3.10).  

 

 

K=3 
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K=2 ΔK=
2.90 

ΔK= 
662.30 

ΔK=
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ΔK=
7.90 

ΔK=
36.50 

Figure 3.8 STRUCTURE plots for L. bullata, L. obcordata (SIR), and putative hybrid (WA, MOW) 
populations. Sites labelled by site code (bottom), K value (left), and Delta K value (right). 
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Northland: SF, MB East Cape: ECO, ECT Taranaki/Whanganui: MM, KR, HB, 
WHN 

      South Island: PBS Putative hybrid: WA 

Auckland/Bay of Plenty: HNA, 
CFP, KM 

Waikato: TOT, MAN, OM Manawatū/Wellington: BP, OR, REK       Putative hybrid: MOW L. obcordata: SIR 
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Figure 3.9. Spatial analyses of L. bullata, L. obcordata, and the putative L. bullata x L. obcordata hybrid 
sites. A, Population-level Neighbor-Net analyses. B, PCA analysis plot. Colouration indicates geographic 
locality of populations. 
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3.4.5 AMOVA and IBD analyses 
 

AMOVA analysis of dataset L.bull at the population-level AMOVA revealed that 81% of the 

variation originated within populations, with only 19% variation observed among populations. 

This pattern was also reflected in the analysis of dataset L.all, with 77% of the variation 

occurring within populations and 23% occurring among populations. The AMOVA results of 

the grouped populations followed similar patterns. Most of the variation originated within 

populations (85%), compared to among (15%) for the dataset excluding the hybrid and L. 

obcordata populations. In the dataset including the hybrid and L. obcordata populations as one 

group, the variation was also shown to have originated within populations (83%) compared to 

among populations (17%).  The Mantel test showed significant isolation by distance for all 

genetic distance measures (Table 3.3, Fig 3.11). 

Northland: SF, MB East Cape: ECO, ECT Taranaki/Whanganui: MM, KR, HB, 
WHN 

      South Island: PBS Putative hybrid: WA 

Auckland/Bay of Plenty: HNA, CFP, KM Waikato: TOT, MAN, OM Manawatū/Wellington: BP, OR, REK       Putative hybrid: MOW L. obcordata: SIR 

Figure 3.10. DAPC scatterplots of inferred L. bullata, L. obcordata, and the putative L. bullata x L. obcordata 
hybrid clusters. Colouration indicates geographic locality of populations. 
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Genetic Distance metric 
Geographical distance 

(km) 
Rxy 

P(rxy-rand >= rxy-
data) 

FST(1-FST) Standard 0.57 0.001 

Pairwise FST Standard 
0.61 

 
0.010 

 

FST(1-FST) Natural log 0.56 0.010 

Table 3.3.  Mantel test results of populations of L. bullata. Rxy: correlation coefficient. P(rxy-rand>=rxy-
data): the probability of a positive autocorrelation (one tailed t test) 

Figure 3.11 Mantel test results for L. bullata populations. A, FST(1-FST) against geographical distance. B, 
Pairwsie FST against geographical distance. C, FST (1-FST) against natural log of geographical distance. 

A B 
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Species Family Distribution 
Growth 

form 
Breeding 

system 
He Reference 

Lophomyrtus 
bullata 

Myrtaceae 
Widespread, 
continuous 

Shrub or tree 
at maturity 

Outcrossing 0.44 This paper 

Dactylanthus 
taylorii 

Balanophoraceae Rare, disjunct Parasite Outcrossing 0.46 
McLay et al. 

(2022) 

Pseudopanax 
ferox 

Araliaceae 
Widespread, 

disjunct 
Shrub or tree 
at maturity 

Outcrossing 0.48 
Shepherd and 
Perrie (2011) 

Metrosideros 
bartletti 

Myrtaceae Rare, disjunct 
Tree at 

maturity 
Outcrossing 0.50 

Melesse 
(2017) 

Pseudopanax 
crassifolius 

Araliaceae 
Widespread, 
continuous 

Shrub or tree 
at maturity 

Outcrossing 0.63 
Gemmell et al. 

(2022) 

Kunzea 
ericoides 

Myrtaceae 
Widespread, 
continuous 

Shrub or tree 
at maturity 

Primarily 
outcrossing 

0.70 
Heenan et al. 

(2022) 

Corymbia 
calophylla 

Myrtaceae 
Regional, 

continuous 
Tree at 

maturity 
Outcrossing 0.71 

Sampson et al. 
(2018) 

Melaleuca 
alternifolia 

Myrtaceae 
Regional, 
disjunct 

Shrub or tree 
at maturity 

Outcrossing 0.72 
Rossetto et al. 

(1999) 

Kunzea robusta Myrtaceae 
Widespread, 
continuous 

Shrub or tree 
at maturity 

Primarily 
outcrossing 

0.74 
Heenan et al. 

(2022) 

Eucalyptus 
gomphocephala 

Myrtaceae 
Regional, 
disjunct 

Tree at 
maturity 

Primarily 
outcrossing 

0.75 
Nevill et al. 

(2014) 

Metrosideros 
polymorpha 
var. glaberrima 

Myrtaceae 
Widespread, 

disjunct 
Shrub or tree 
at maturity 

Outcrossing 0.76 
Stacy et al. 

(2020) 

Eucalyptus 
globulus 

Myrtaceae 
Widespread, 
continuous 

Tree at 
maturity 

Primarily 
outcrossing 

0.82 
Steane et al. 

(2006) 

Table 3.4. Population genetic studies of New Zealand and/or Myrtaceae plant species used to compare 
expected heterozygosity (He) with Lophomyrtus bullata. All cited studies were conducted using microsatellite 
markers. 
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3.5 Discussion  
 

The primary objective of this chapter was to investigate the genetic diversity and structure of 

the New Zealand endemic L. bullata across its geographical range. The species is threatened 

by the highly invasive fungus commonly known as myrtle rust and could face an extreme 

decline in population numbers and regional extinction. Information on the amount of genetic 

diversity present within L. bullata and how that variation is partitioned across its distribution 

is fundamental to ensuring the best possible conservation management outcomes for the 

species.  

3.5.1. Genetic diversity of Lophomyrtus bullata 
 

The genetic diversity of Lophomyrtus bullata at a species level was observed to be low, with 

an expected heterozygosity (He) of 0.44 and an average number of alleles per locus of 3.4 

(Table 3.2). Comparing these findings to those of species with similar life history 

characteristics in a review of plant genetic diversity by Nybom (2004), L. bullata displays 

lower He than expected for long-lived perennials (0.68), outcrossing species (0.65), and species 

whose seeds are dispersed by ingestion (0.73).  Comparisons with other New Zealand species 

or Myrtaceae species with similar life history traits to L. bullata also show that L. bullata has 

lower He (Table 3.4). For example, the similarly widespread species Kunzea robusta has a 

significantly higher He compared to L. bullata (Heenan et al., 2022). However, similar levels 

of genetic diversity were found in Pseudopanax ferox, which is widespread around New 

Zealand, but in contrast to L. bullata, Pseudopanax ferox populations are highly disjunct, and 

some contain only a few individuals (Shepherd & Perrie, 2011).   

The low genetic diversity observed in L. bullata relative to other similar species is surprising, 

as it is typically expected that species with large populations, like L. bullata, contain greater 

genetic diversity than smaller populations as they are less vulnerable to stochastic 

environmental and genetic events (Frankham, 1996; Leimu et al., 2006). In cases where large 

populations have lower diversity than expected, other factors could be more important in 

explaining the species' current genetic diversity (Ellstrand & Elam, 1993). Among such factors 

are the historical influences on a species, e.g., the effects of glacial cycling during the Last 

Glacial Maximum (LGM) (Marske & Boyer, 2022). Such a factor could have influenced the 
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genetic diversity of L. bullata, as glacial cycling during the Last Glacial Maximum (LGM) 

heavily impacted the structure and range of the forests around New Zealand (McGlone et al., 

2010; Newnham et al., 2013). Formerly widespread forest habitats contracted in size due to 

glaciation and would have been restricted to isolated areas termed glacial refugia. In New 

Zealand, regions north of the Bay of Plenty have often been proposed to be areas of glacial 

refugia (Marske & Boyer, 2022; Wallis & Trewick, 2009). These regions were thought to have 

consisted of podocarp-broadleaf and beech forests that otherwise could not have survived in 

the colder and more arid climates brought on by glaciation (Buckley et al., 2015; Marske & 

Boyer, 2022). Modern populations in regions of suspected former glacial refugia are sometimes 

observed to be more genetically diverse or distinct compared to other regions (Byrne, 2008; 

Hewitt, 2000). In this regard, distinct patterns of interspecific diversity in the upper North 

Island of New Zealand have been observed in plant species (McGlone, 1985; Gardner et al., 

2004), and invertebrate species (Buckley et al., 2015;Ellis et al., 2015; Trewick et al., 2022). 

 At the population level for L. bullata, the Northland (SF, MB) and Coromandel (CFP) sites 

exhibit higher genetic diversity (He) than other sites, and the Northland (SF) and Auckland 

population (HNA) have the highest number of private alleles, though this is still low at three 

(Table 3.1). However, it is possible these could be areas of former glacial refugia for the 

species. If this is the case, L. bullata may have undergone a severe genetic bottleneck in the 

past, resulting in a loss of diversity. Additional effects of this bottleneck could have been an 

increase in genetic drift and subsequent inbreeding for some populations, which would have 

increased the genetic similarity between individuals and decreased the overall genetic diversity 

(Hedrick & Kalinowski, 2000). Additionally, if the Northland, Coromandel and Auckland 

regions were the sole source for recolonisation, then the genetic diversity of the newly 

colonised populations would have been impacted by founder effects, potentially contributing 

to the overall low genetic diversity observed in populations of L. bullata (Barton & 

Charlesworth, 1984). Such an effect could also explain the relationship between decreasing He, 

Na, and latitude, as there could have been a serial expansion of populations further south, with 

each wave of colonisations pioneered by ever-diminishing gene pools (Fig 3.12). This would 

have contributed to the overall low genetic diversity observed in populations of L. bullata.    

It is unclear if these regions were the sole locations of populations of L. bullata during the 

Pleistocene glaciation. L. bullata is generally found in lowland forests and would have been 
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heavily restricted in its range during this period. It is possible that other populations survived 

in microrefugia in other regions of the North Island during the Pleistocene, and these regions 

also contributed to the expansion and recolonisation of new populations. The higher levels of 

diversity found in the Northland, Coromandel, and Auckland could instead be a reflection of 

these refugia being the most extensive and stable in terms of forest coverage during this period 

or from the increased dispersal of individuals from other refugia. Survival of species in multiple 

microrefugia throughout the Pleistocene has been suggested for other New Zealand species 

(e.g., Buckley et al. 2010), as well as for species in other regions of the world (e.g., Nevill et 

al. 2010; Shi et al. 2014).  

 

 

 

 

 

 

 

 

 

 

The lower-than-expected genetic diversity present in the species also could be due to the effects 

of myrtle rust.  Myrtle rust causes an increase in tree mortality, leading to a decrease in 

population size over time. This loss of individuals could potentially result in a loss of alleles 

and could increase the effect of genetic drift and inbreeding, decreasing the genetic variation 

of the population further. However, it is uncertain if myrtle rust has been established in New 

Zealand for a sufficient period of time for the effect on genetic diversity to be observable in 

the long-lived L. bullata. Myrtle rust was first detected in New Zealand in May 2017 (Beresford 

et al., 2018), approximately six years ago at the time of writing. The disease has spread rapidly 

v 

Figure 3.12 A simplified figure explaining how the founder effect contributes to lower genetic diversity in 
subsequent colonised populations.  

Parent population1 Parent population 2 Parent population 3 

v 

Founding population1 Founding population 2 Founding population 3 

Dispersal Dispersal Dispersal 
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since then and is now distributed widely around New Zealand (Toome-Heller et al., 2020). An 

Australian study investigating the impact of myrtle rust on the native species Rhodamnia 

psidioides found that over half the trees surveyed died after only four years of exposure to the 

disease (Carnegie et al., 2016).  It is possible that, in regions where the disease has been 

established for a more extended period of time in New Zealand (e.g., Taranaki), there would 

be more of a decrease in genetic diversity, though such a pattern is not evident in the current 

analysis. Comparing sites where myrtle rust has been detected versus the few where it has not 

been (Supplementary Table 2) does not seem to show any pattern of lower versus higher genetic 

diversity. However, the extent and severity of the infection for each site is not considered in 

this comparison, nor if there were any potentially resistant individuals present. This is partly 

due to the time of the year sampling took place at many sites (winter), which made observations 

on infection level difficult, as the most apparent signs of myrtle rust infection, the yellow 

urediniospores, are present on tissue mainly during the warmer months (December-April). 

3.5.2. Genetic structure of Lophomyrtus bullata: North vs south patterning 
along the Taūpo line 
 

One of the most supported trends observed in the data was a north to south pattern of genetic 

diversity, with two distinct genotypic clusters identified in the STRUCTURE analysis (Fig 

3.2). However, instead of an abrupt change, there is a gradient between the two genetic groups 

that occurs across the populations situated at ~38S latitude. This pattern is also evident in the 

Neighbor-net analysis, with one of the most notable splits occurring between the upper North 

Island and the lower North Island and South Island sites (Fig 3.5).  

This pattern is consistent with a known biogeographic pattern called the Taūpo line. The pattern 

was  originally described by Wardle (1963) as an area that divided the endemic species-rich 

northern North Island and the species-poor lower North Island. The pattern has also been 

reflected in phylogenetic analyses, with Heenan et al. (2017) identifying a significant decrease 

in both the phylogenetic diversity and the weighted phylogenetic endemism for vascular flora 

in the region below the Taūpo line. This pattern is repeated in invertebrates, and vertebrates, 

with higher levels of both inter- and intra-specific diversity reported for a variety of endemic 

species (Buckley et al., 2010; Buckley et al., 2009; Bulgarella et al., 2014; Chapple et al., 2009; 

Marske et al., 2011; Painting et al., 2017; Withers et al., 2021), as well as in plant species 

(Heenan et al., 2022).  
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The precise location and cause(s) of the trend around the Taūpo line have been debated 

(Buckley et al., 2015; Ellis et al., 2015). Many postulate that the formation of a sea strait during 

the Pliocene, caused by the combination of tectonic uplift and rising sea levels, is the source 

(Bunce et al., 2009; Suggate, 1978). Due to the formation of this sea strait (also known as the 

Manawatū Sea Strait), flora and fauna below 38 on the North Island would have faced near 

extirpation (Buckley et al., 2015; Marske & Boyer, 2022). Others suggest Pleistocene glacial 

cycling as the main cause, with forests persisting only north of 38 (Wood et al., 2017). Other 

causes, such as Pleistocene/Holocene volcanic activity, also have been suggested (Barrell et 

al., 2005). Some studies have identified lineage divergence in animal species that are Pliocene 

in origin or predate the Pleistocene (e.g., Marske et al. (2011), Chapple et al. (2009), Withers 

et al. (2021)), while others are believed to post-date it (e.g., Painting et al. (2017)).  However, 

such trends in diversity in the North Island could be due to a combination of influences, having 

been first formed due to the Pliocene sea strait and then maintained through Pleistocene glacial 

cycling, where many species would have experienced large contractions in their natural ranges 

(Buckley et al., 2015).  

The degree to which historical events would have an effect on a species is dependent on the 

evolutionary history of that species. The ancestor of Lophomyrtus is believed to have been 

present in New Zealand since at least the early Miocene, potentially colonising new emergent 

landmass after Oligocene drowning (Smissen et al., 2022; Vasconcelos et al., 2017). L. bullata 

and L. obcordata are believed to have diverged ~3.6-5 mya (Thornhill et al., 2015). Therefore, 

it is possible that both Pliocene marine retreat and Pleistocene glaciation had an effect on the 

distribution of the species. Marine or glacial retreat could be one possible explanation for the 

north to south split observed in L. bullata. The cline between the two genotypic clusters occurs 

along 38 to 38.9S latitude, which fits with the explanation of recolonisation after marine or 

glacial retreat and suggests that current populations north of 38 represent either refugia (such 

as the Northland, Coromandel, and Auckland populations are suggested to be) or were more 

quickly recolonised. This would result in a gradient at 38 in latitude which acts as a boundary 

between older, more genetically diverse populations and younger, less diverse populations. The 

recolonisation of populations below 38 would have resulted in less genetic diversity within 

the new populations due to the founder effect and less diversity between the populations due 

to potentially more recently sharing a common ancestor. The PCA, DAPC, and Neighbor-net 
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analyses do suggest there is less genetic divergence between populations in the Taranaki (MM, 

KR, HB), Whanganui (WHN), Manawatū (BP, OR), Wellington (REK), and South Island 

(PBS) compared to the more Northern populations (Figs 3.5 - 3.7).  

The north to south split between the two genetic groups could have additionally resulted from 

isolation due to volcanic activity in the central North Island. Due to the location of the 

populations comprising the gradient, this volcanic activity would most likely have been caused 

by the Alexandra Volcanic Group (AVG) and the Taūpo volcanic zone. The AVG is a chain of 

now-extinct volcanoes that consist of Mount Karioi (location of TOT population, Fig 3.1), 

Mount Pirongia, Kakepuku, Te Kawa, and the volcanic field known as the Okete volcanic 

formation (Briggs, 1983; Briggs et al., 1989; McLeod et al., 2022; Pittari et al., 2021). The 

AVG was considered to have been mainly active during the Pliocene-Pleistocene (2.74-1.60 

Ma) (Briggs et al., 1989), though it has been suggested that the largest volcano, Mount 

Pirongia, may have been active later, between 1.6-0.9 Ma (Pittari et al., 2021). The Taūpo 

volcanic zone has been the site of repeated wide-scale eruptions for the last 2 Ma, with 

eruptions occurring as recently as a few hundred years ago (Barker et al., 2021; Wilmshurst & 

McGlone, 1996). Vegetation in the immediate surroundings of the eruptions would have been 

severely impacted by basaltic lava flows and tephra (Briggs & McDonough, 1990; Goles et al., 

1996; McLeod, 2019; Wilmshurst & McGlone, 1996).  Such effects would have eliminated 

much of the local populations of L. bullata and acted as a barrier to gene flow between the two 

genetic groups identified by STRUCTURE. Limited gene flow could have increased 

divergence between the two groups, and the gradient pattern observed in the Waikato 

populations (TOT, MAN, OM) could be the result of secondary contact after gene flow was re-

established. Therefore, it is possible that the north-south pattern observed in L. bullata was first 

established by recolonisation after marine retreat and strengthened by the combined effects of 

glacial cycling and volcanic activity.   

3.5.3. Genetic structure of Lophomyrtus bullata: Regional genetic structure  
 

The most consistent genetic pattern observed was the clustering of populations into groups 

according to regional locality, which is most clearly represented in the K=5 STRUCTURE 

results (Fig 3.4). At K= 5, the three Waikato (TOT, MAN, OM) populations that coincide with 

the gradient pattern at K=2 form their own group, and the divide occurring along the Taūpo 
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line is still observed between this group and the neighbouring Taranaki/Whanganui group (Fig 

3.4). Additionally, a separation occurring between the Whanganui population (WHN) and the 

Bruce Park population (BP) acts, to a small extent, as an east-west divide of the 

Taranaki/Whanganui group and the Manawatū/Wellington group (Fig 3.4).  A similar pattern 

was noted for populations of Dactylanthus taylorii (McLay et al., 2022) and Asplenium 

hookerianum (Shepherd et al., 2007), with the patterns attributed to the effects of volcanic 

activity in the Taūpo zone, which could have limited gene flow between the east and west 

populations. On a finer scale, the divide between the Northland (SF, MB), Auckland (HUNA), 

and Coromandel (CFP) populations and the remaining populations correlates with a known 

biogeographic pattern termed the Kauri line (Fig 3.4), which represents the southern limit of 

the New Zealand endemic tree Agathis australis (Araucariaceae), known commonly as Kauri 

(Marske & Boyer, 2022; Wagstaff & Clarkson, 2012). However, such a division is less 

apparent in the analysis compared to the other patterns described above.  

The majority of the regional groups identified by STRUCTURE contain a high degree of 

admixture. This admixture is most evident between populations on the borders of each group, 

which suggests gene flow between neighbouring regions. The significant result of the mantel 

tests (Table 3.3, Fig 3.11) suggests that distance may be a factor in limiting gene flow between 

populations, potentially driving the genetic differences between some of the regional groups. 

Since plants are sessile, gene flow in L. bullata occurs through bird dispersed seeds and bee-

mediated pollination (de Lange, 2022). The latter has the potential to be more restricted by 

range compared to other mechanisms (e.g., wind pollination), which could result in more 

restricted gene flow (Wessinger, 2021). Populations that are closer in proximity would be more 

likely to have an overlap in pollinators, exchange genetic material and therefore be more 

genetically similar. More distantly distributed populations would be less likely to exchange 

genetic material, accumulate genetic differences, and become increasingly diverged (Rousset, 

1997). However, this effect could be counteracted by the dispersal of seeds by birds as they are 

less restricted by range. This could result in a reduced population structure (Jesson, 2007), 

potentially explaining the high degree of admixture and low pairwise FST values (Table 3.2) 

between populations.  

The pattern of regional genetic structure could be a reflection of the impacts of the founder 

effect. If the current populations were recolonised from glacial refugia, then each population 
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could have been established by different individuals from different source populations (Haase, 

1993). This would result in each population having different allele frequencies, which would 

be based on the individuals that colonised that population (Haase, 1993). These allele 

frequencies could have been impacted further due to genetic drift occurring in the initially small 

founding populations. The differences could have been maintained due to barriers to gene flow, 

either geographical or genetic, preventing complete population homogeneity. However, if this 

was the case, the genetic differentiation between populations might be expected to be higher 

than what was observed in this analysis.  

The L. bullata populations could be in the early stages of divergence, potentially accounting 

for the regional genetic structure observed. The increased divergence between populations 

could be due to increased habitat fragmentation from human-mediated forest destruction 

(Ewers et al., 2006), which would decrease population connectivity by limiting gene flow. If 

continued, this would eventually result in more genetically differentiated populations (Heenan 

et al., 2022). However, it is uncertain how likely this is given that L. bullata currently has a 

relatively continuous distribution, and it has been suggested that older biogeographical events 

tend to have more of an effect on the distribution of a species’ genetic variation compared to 

more modern influences (Dussex et al., 2014; Withers et al., 2021). Although, such an issue 

could become more of a factor in the future due to the effects of myrtle rust causing localised 

extinctions. Population extinctions could result in large gaps in the distribution of the species, 

preventing gene flow and increasing genetic differentiation between regions.    

3.5.4. Genetic structure of Lophomyrtus bullata: East Cape 
 

Individuals from the two East Cape populations (ECO, ECT) consistently form a distinct 

genetic cluster across all analyses and have significantly higher pairwise FST values compared 

to all other L. bullata populations (Table 3.2). A similar genetic distinction in East Cape 

populations has been noted across many other species, including stick insects (Buckley et al., 

2010), beetles (Marske et al., 2009), cicadas (Ellis et al., 2015), and frogs (Fouquette Jr, 1975). 

Several hypotheses have been suggested to explain the phenomenon, with the most supported 

suggesting that the northern East Cape acted as a glacial refugium during the Pleistocene 

(Buckley et al., 2010; Ellis et al., 2015; Marske et al., 2009). If this was the case for L. bullata, 

then it could potentially explain why the East Cape populations are significantly genetically 
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different from other populations. Alternatively, Gardner et al. (2004) suggested that a similar 

pattern found in Metrosideros trees resulted from the isolation of the East Cape populations 

from the Coromandel due to volcanic activity along the Bay of Plenty coastline during the 

Holocene. The STRUCTURE results of L. bullata indicate genetic similarity between the 

Tauranga (KM) population and the East Cape populations (Fig. 3.2), and it is possible that this 

could be the result of more recent gene flow between reconnected populations after similar 

isolation of the East Cape due to volcanic activity. One possible way to investigate this further 

would be to include L. bullata from sites located in Rotorua, as this area provides a bridge 

between the two aforementioned sites. Iwi approval for sampling was sought for sites in the 

Rotorua region but was declined.  

3.5.5. Genetic structure of Lophomyrtus bullata: South Island 
 

The results indicate a relationship between the Taranaki/Whanganui (MM, KR, HB, WHN) 

populations and the northern South Island population (PBS). The relationship is reflected in 

the low pairwise FST values (Table 3.2) and the STRUCTURE results, with the South Island 

population sharing a high proportion of membership to the Taranaki/Whanganui populations 

(Fig 3.2, 3.4). Similar patterns were observed in extinct Moa species (Bunce et al., 2009), 

species of skinks (Greaves et al., 2008; Greaves et al., 2007; Liggins et al., 2008; O’Neill et 

al., 2008), geckos (Nielsen et al., 2011), and plant species (Prebble et al., 2018). The pattern 

has been suggested to be due to the presence of a land bridge between the north-western South 

Island and Cape Egmont during the Pleistocene caused by lowered sea levels (Lewis et al., 

1994; Trewick & Bland, 2012). The land bridge was suggested to have been exposed 

intermittently between glacial cycles to varying degrees (Lloyd, 2003). The continental shelf 

between Cape Farewell and Cape Egmont was the last region to be inundated by rising post-

glacial sea levels (Lewis et al., 1994). The climate of the land bridge was cool and arid, like 

the majority of the lower North Island during this period, and therefore might have limited 

dispersal (Marske & Boyer, 2022). However, others have suggested that the land bridge was 

forested, at least at certain times between glacial cycles (Marra et al., 2009).  

One possible explanation for this relationship between the Taranaki and South Island 

populations is that L. bullata was present in glacial refugia in the northern South Island (Heenan 

& Mitchell, 2003; McGlone et al., 2010). This suggests that the populations were reconnected 
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post-glaciation, possibly by the Pleistocene North-South Island land bridge. If this were the 

case, it would be expected to see more of a distinction between the South Island population and 

the lower North Island, considering, like the northern North Island, the northern South Island 

is a region observed to have greater endemism (McGlone, 1985; Wardle, 1963). However, this 

is not observed in the analyses, with the PCA, DAPC, and to some extent, Neighbor-net 

analyses suggesting that the South Island population and the lower North Island populations 

are all very genetically similar. This is also reflected in the pairwise FST values, with the South 

Island and lower North Island populations all having some of the lowest values (Table 3.2). 

Though, it should be noted that this could be impacted by the limited number of South Island 

populations included in the analysis. Therefore, it is more likely that either L. bullata was not 

present in the northern South Island due to glaciation and was repopulated post-glaciation either 

via the Taranaki land bridge or through dispersal across the Cook Strait or a combination of 

both.   

3.5.6. Hybridisation as a survival mechanism  
 

The patterns present in the L.all dataset indicated that although hybridisation occurs between 

L. bullata and L. obcordata, the two species are still genetically distinct. However, it was 

surprising that the initial STRUCTURE results did not separate species first, though this could 

be due to how the STRUCTURE software defines its ancestral groups by identifying possible 

HWE populations (Pritchard et al., 2000). As the lower North Island population may be a 

‘good’ HWE population due to its high genetic similarity, all remaining populations may have 

been placed into the other genetic group. The low Delta K value for K=2 could be considered 

evidence of this (Fig 3.8, Supplementary Fig 3). All other analyses showed varying degrees of 

separation between the two species and their hybrids (Fig 3.9, Table 3.2). However, it should 

be noted that the patterns observed are potentially affected by the limited number of L. 

obcordata individuals included in the analysis. 

Hybridisation between species can potentially act as a new source of genetic variation, perhaps 

even more so than mutation, if hybridisation frequently occurs (Abbott et al., 2013; Anderson, 

1949; Arnold & Martin, 2009; Grant & Grant, 1994). The higher expected heterozygosity 

observed in the putative hybrid populations compared to the other L. bullata and L. obcordata 

populations (with the exception of the Northland L. bullata populations, which are suggested 
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to be glacial refugia) indicates potentially higher genetic diversity is present in hybrid 

populations (Table 3.1). This increase in diversity resulting from hybridisation could result in 

an increase in the species' adaptive potential, meaning it is potentially better able to adapt to 

rapid environmental change (Becker et al., 2013; Ogden, 1989; Rattenbury, 1962). This can 

make hybridisation an essential survival mechanism for many plant species. The mechanism 

behind hybridisation leading to increased adaptive potential has been termed adaptive 

introgression, with introgression described as when hybridising species transfer genetic 

material through repeated backcrosses (Anderson & Hubricht, 1938). Adaptive introgression 

can result in the transfer of selectively advantageous alleles from one parent species into 

another (Rieseberg et al., 1993) or in the development of new combinations of selectively 

favourable traits (Becker et al., 2013; Dittrich-Reed & Fitzpatrick, 2013). Examples of New 

Zealand plant species that have been suggested to adopt hybridisation as an evolutionary 

strategy include Pachycladon (Becker et al., 2013), Nothofagus (Ogden, 1989), Sophora 

(Shepherd & Heenan, 2021), and Coprosma (Rattenbury, 1962). However, the success of this 

strategy largely depends on the degree to which parts of the genome are being introgressed 

between populations (Abbott et al., 2013), if hybrids are able to backcross to both, one or none 

of the parent species, and that hybridisation results in an increase in adaptive potential, rather 

than a decrease in fitness (Becker et al., 2013). For context, it should be noted that in certain 

environmental conditions, it is possible for putative L. bullata x L. obcordata hybrid 

individuals to dominate and for L. bullata individuals to die out (de Lange, 2022), possibly 

indicating greater fitness for hybrids in certain environments.  

Hybridisation between L. bullata and L. obcordata could provide new advantageous genetic 

combinations for myrtle rust resistance.  Exchange and recombination of genetic material 

between individuals of L. bullata and L. obcordata could potentially allow for both species to 

acquire new traits for pathogen resistance through introgression. Interestingly, it has been 

observed that while populations of L. bullata are declining rapidly, populations of L. obcordata 

are still declining but currently at a slower rate in comparison (Prasad et al., 2022).  Though 

there could be other causes for this slower decline, it is possible that L. obcordata could harbour 

some form of resistance against myrtle rust that is not present in L. bullata but could be shared 

through hybridisation.  Examples of such an occurrence can be found in the New Zealand alpine 

species of Pachycladon, where past introgression from hybridisation led to the transfer of 

chemotypes of glucosinolate hydrolysis, which are used in herbivore and pathogen defence 
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(Becker et al., 2013; Voelckel et al., 2008). Additionally, the hybridisation of L. bullata and L. 

obcordata could lead to gene stacking for resistance, a method typically used in plant breeding 

programs. Gene stacking for resistance involves combining different resistance genes (R genes) 

into one plant, usually through hybridisation or genetic engineering, to allow for greater 

protection of those plants against pathogens (Rogozina et al., 2021). Both are possible scenarios 

where hybridisation with L. obcordata could potentially benefit the future preservation of L. 

bullata. 

3.5.7. Implications for conservation  
 

The establishment of myrtle rust in New Zealand has been hugely impactful on the endemic 

myrtle species Lophomyrtus bullata. The fast-spreading pathogen has already infected multiple 

populations of L. bullata from Northland to the Marlborough sounds. It has caused severe 

dieback of growth and death of juvenile and mature trees alike. Infection by myrtle rust and 

the corresponding effects on plant fecundity could act as an extreme selective pressure for L. 

bullata. The current low genetic diversity observed within populations of L. bullata suggests 

that the species is potentially limited in its ability to adapt to such pressure (Kardos et al., 2021). 

Tree mortality could cause population numbers to decline rapidly, increasing the effects of 

genetic drift and likely leading to the loss of rare alleles and the random fixation of others. This 

loss could decrease genetic variation and increase inbreeding, potentially resulting in reduced 

fitness for the species.  

The population structure of L. bullata shows that while there are low to moderate levels of 

genetic differentiation present between populations, there is distinct regional genetic variation. 

Therefore, care should be taken that individuals from the appropriate regional locations are 

used for sourcing regeneration plantings. Regarding seed banking, priority should be given to 

Northland, Coromandel, and Auckland populations as they contain a higher degree of 

intraspecific genetic diversity (e.g., higher expected heterozygosity, and, though few were 

detected, a higher number of private alleles (Table 3.1)). It should also be ensured that all 

genetic regions are efficiently represented in the seed collections. Ongoing monitoring and 

preservation of L. bullata populations can potentially be limited to one or two populations from 

each locality to represent that region’s genetic variation if required. It would also seem 

advisable to protect, monitor, and seed bank L. bullata x L. obcordata hybrid populations as 
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they potentially possess unique genetic compositions that may be important to conserving the 

Lophomyrtus lineage. 

3.6 Conclusions 
 

This study provides a detailed first estimate of the genetic variation within the threatened 

species Lophomyrtus bullata. The species has low levels of genetic diversity compared to other 

species with similar life histories. How this variation is partitioned across the geographic 

distribution of the species suggests it may at one time have been affected by a considerable 

reduction in range, possibly during the Last Glacial Maximum, which resulted in populations 

being restricted to the upper North Island. The subsequent range expansion of L. bullata from 

the upper North Island further south led to the recolonised populations harbouring lower 

genetic diversity compared to the source populations due to the founder effect. Such patterns 

could also have been influenced by volcanic activity isolating populations and increasing 

genetic differentiation. Significant regional genetic patterns observed could be attributed to the 

effects of past climatic events, isolation by distance, dispersal mechanisms of the species, or a 

combination of all of these factors. L. bullata may be threatened with extreme range reduction 

in the near future due to the effects of the pathogenic fungus myrtle rust, which is causing rapid 

population decline. This means L. bullata could potentially have additional decreases in its 

genetic diversity, increasing the species' risk of extinction further. The information described 

in this chapter is important for the future conservation and restoration efforts of this threatened 

species by helping to increase the efficiency and success of seed banking, population 

preservation, and regenerating plantings of Lophomyrtus bullata.  

 

 

 

3.7 References  
 

Abbott, R., Albach, D., Ansell, S., Arntzen, J. W., Baird, S. J., Bierne, N., Boughman, J., 

Brelsford, A., Buerkle, C. A., & Buggs, R. (2013). Hybridization and speciation. 

Journal of evolutionary biology, 26(2), 229-246.  



77 
 

 
 

Aguilar, R., Quesada, M., Ashworth, L., Herrerias‐Diego, Y., & Lobo, J. (2008). Genetic 

consequences of habitat fragmentation in plant populations: susceptible signals in plant 

traits and methodological approaches. Molecular Ecology, 17(24), 5177-5188.  

Allan, H. H. (1961). Flora of New Zealand Vol 1. Government Printer.  

Anderson, E. (1949). Introgressive hybridization. Introgressive hybridization.  

Anderson, E., & Hubricht, L. (1938). Hybridization in Tradescantia. III. The evidence for 

introgressive hybridization. American Journal of Botany, 396-402.  

Arnold, M. L., & Martin, N. H. (2009). Adaptation by introgression. Journal of Biology, 8(9), 

1-3.  

Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J. S., Nakashizuka, T., Raffaelli, D., & 

Schmid, B. (2006). Quantifying the evidence for biodiversity effects on ecosystem 

functioning and services [Article]. Ecology Letters, 9(10), 1146-1156. 

https://doi.org/10.1111/j.1461-0248.2006.00963.x  

Barker, S. J., Wilson, C. J., Illsley-Kemp, F., Leonard, G. S., Mestel, E. R., Mauriohooho, K., 

& Charlier, B. L. (2021). Taupō: an overview of New Zealand's youngest supervolcano. 

New Zealand Journal of Geology and Geophysics, 64(2-3), 320-346.  

Barnaud, A., & Houliston, G. J. (2010). Population genetics of the threatened tree daisy Olearia 

gardneri (Asteraceae), conservation of a critically endangered species. Conservation 

Genetics, 11(4), 1515-1522. https://doi.org/10.1007/s10592-009-9981-2  

Barrell, D. J. A., Alloway, B., Shulmeister, J., & Newnham, R. (2005). Towards a climate event 

stratigraphy for New Zealand over the past 30,000 years. Institute of Geological and 

Nuclear Sciences Science Report, 7, 12.  

Barton, N. H., & Charlesworth, B. (1984). Genetic revolutions, founder effects, and speciation. 

Annual review of ecology and systematics, 15, 133-164.  

Becker, M., Gruenheit, N., Steel, M., Voelckel, C., Deusch, O., Heenan, P. B., McLenachan, 

P. A., Kardailsky, O., Leigh, J. W., & Lockhart, P. J. (2013). Hybridization may 

facilitate in situ survival of endemic species through periods of climate change. Nature 

Climate Change, 3(12), 1039-1043.  

Beggs, J. (2001). The ecological consequences of social wasps (Vespula spp.) invading an 

ecosystem that has an abundant carbohydrate resource. Biological Conservation, 99(1), 

17-28. https://doi.org/10.1016/s0006-3207(00)00185-3  



78 
 

 
 

Beresford, R. M., Shuey, L. S., & Pegg, G. S. (2020). Symptom development and latent period 

of Austropuccinia psidii (myrtle rust) in relation to host species, temperature, and 

ontogenic resistance [https://doi.org/10.1111/ppa.13145]. Plant Pathology, 69(3), 484-

494. https://doi.org/https://doi.org/10.1111/ppa.13145  

Beresford, R. M., Turner, R., Tait, A., Paul, V., Macara, G., Zhidong, D. Y., Lima, L., & 

Martin, R. (2018). Predicting the climatic risk of myrtle rust during its first year in New 

Zealand. New Zealand Plant Protection, 71, 332-347.  

Best, E. (1942). Forest lore of the Maori. E. C. Keating.  

Beyond-Myrtle-Rust. (2020). Myrtle rust update: Mature native trees now dying. Manaaki 

Whenua Landcare Research. https://www.landcareresearch.co.nz/news/myrtle-rust-

update-mature-native-trees-now-dying 

Bilgin, D. D., Zavala, J. A., Zhu, J., Clough, S. J., Ort, D. R., & DeLUCIA, E. H. (2010). Biotic 

stress globally downregulates photosynthesis genes. Plant, cell & environment, 33(10), 

1597-1613.  

Bradshaw, R. E., Bellgard, S. E., Black, A., Burns, B. R., Gerth, M. L., McDougal, R. L., Scott, 

P. M., Waipara, N. W., Weir, B. S., Williams, N. M., Winkworth, R. C., Ashcroft, T., 

Bradley, E. L., Dijkwel, P. P., Guo, Y., Lacey, R. F., Mesarich, C. H., Panda, P., & 

Horner, I. J. (2020). Phytophthora agathidicida: research progress, cultural 

perspectives and knowledge gaps in the control and management of kauri dieback in 

New Zealand. Plant Pathology, 69(1), 3-16. https://doi.org/10.1111/ppa.13104  

Briggs, R. (1983). Distribution, form, and structural control of the Alexandra Volcanic group, 

North Island, New Zealand. New Zealand journal of geology and geophysics, 26(1), 

47-55.  

Briggs, R., & McDonough, W. (1990). Contemporaneous convergent margin and intraplate 

magmatism, North Island, New Zealand. Journal of petrology, 31(4), 813-851.  

Briggs, R. M., Itaya, T., Lowe, D. J., & Keane, A. (1989). Ages of the Pliocene—Pleistocene 

Alexandra and Ngatutura volcanics, western North Island, New Zealand, and some 

geological implications. New Zealand journal of geology and geophysics, 32(4), 417-

427.  

Broadhurst, L. M., Young, A. G., & Murray, B. G. (2008). AFLPs reveal an absence of 

geographical genetic structure among remnant populations of pohutukawa 



79 
 

 
 

(Metrosideros excelsa, Myrtaceae). New Zealand Journal of Botany, 46(1), 13-21. 

https://doi.org/10.1080/00288250809509750  

Buckley, T. R., Krosch, M., & Leschen, R. A. (2015). Evolution of New Zealand insects: 

summary and prospectus for future research. Austral Entomology, 54(1), 1-27.  

Buckley, T. R., Marske, K., & Attanayake, D. (2010). Phylogeography and ecological niche 

modelling of the New Zealand stick insect Clitarchus hookeri (White) support survival 

in multiple coastal refugia. Journal of Biogeography, 37(4), 682-695.  

Buckley, T. R., Marske, K. A., & Attanayake, D. (2009). Identifying glacial refugia in a 

geographic parthenogen using palaeoclimate modelling and phylogeography: the New 

Zealand stick insect Argosarchus horridus (White). Molecular Ecology, 18(22), 4650-

4663.  

Bulgarella, M., Trewick, S. A., Minards, N. A., Jacobson, M. J., & Morgan‐Richards, M. 

(2014). Shifting ranges of two tree weta species (Hemideina spp.): competitive 

exclusion and changing climate. Journal of Biogeography, 41(3), 524-535.  

Bunce, M., Worthy, T. H., Phillips, M. J., Holdaway, R. N., Willerslev, E., Haile, J., Shapiro, 

B., Scofield, R. P., Drummond, A., & Kamp, P. J. (2009). The evolutionary history of 

the extinct ratite moa and New Zealand Neogene paleogeography. Proceedings of the 

National Academy of Sciences, 106(49), 20646-20651.  

Byrne, M. (2008). Evidence for multiple refugia at different time scales during Pleistocene 

climatic oscillations in southern Australia inferred from phylogeography. Quaternary 

Science Reviews, 27(27-28), 2576-2585.  

Cadotte, M. W., Cardinale, B. J., & Oakley, T. H. (2008). Evolutionary history and the effect 

of biodiversity on plant productivity [Article]. Proceedings of the National Academy of 

Sciences of the United States of America, 105(44), 17012-17017. 

https://doi.org/10.1073/pnas.0805962105  

Cambie, R. C., & Ferguson, L. R. (2003). Potential functional foods in the traditional Maori 

diet. Mutation Research/Fundamental and Molecular Mechanisms of Mutagenesis, 

523-524, 109-117. https://doi.org/https://doi.org/10.1016/S0027-5107(02)00344-5  

Carnegie, A., & Pegg, G. (2018). Lessons from the Incursion of Myrtle Rust in Australia. 

Annual Review of Phytopathology, 56. https://doi.org/10.1146/annurev-phyto-080516-

035256  



80 
 

 
 

Carnegie, A. J., Kathuria, A., Pegg, G. S., Entwistle, P., Nagel, M., & Giblin, F. R. (2016). 

Impact of the invasive rust Puccinia psidii (myrtle rust) on native Myrtaceae in natural 

ecosystems in Australia. Biological Invasions, 18(1), 127-144. 

https://doi.org/10.1007/s10530-015-0996-y  

Ceballos, G., Ehrlich, P. R., & Dirzo, R. (2017). Biological annihilation via the ongoing sixth 

mass extinction signaled by vertebrate population losses and declines. Proceedings of 

the National Academy of Sciences, 114(30), E6089-E6096.  

Chapple, D. G., Ritchie, P. A., & Daugherty, C. H. (2009). Origin, diversification, and 

systematics of the New Zealand skink fauna (Reptilia: Scincidae). Molecular 

phylogenetics and evolution, 52(2), 470-487.  

Charlesworth, D., & Willis, J. H. (2009). The genetics of inbreeding depression. Nature reviews 

genetics, 10(11), 783-796.  

Cheeseman, T. F. (1906). Manual of the New Zealand flora. Government Printer.  

Coates, D. J., McArthur, S. L., & Byrne, M. (2015). Significant genetic diversity loss following 

pathogen driven population extinction in the rare endemic Banksia brownii 

(Proteaceae). Biological Conservation, 192, 353-360.  

Craig, J., Anderson, S., Clout, M., Creese, B., Mitchell, N., Ogden, J., Roberts, M., & Ussher, 

G. (2000). Conservation issues in New Zealand. Annual Review of ecology and 

Systematics, 61-78.  

Cullingham, C. I., Miller, J. M., Peery, R. M., Dupuis, J. R., Malenfant, R. M., Gorrell, J. C., 

& Janes, J. K. (2020). Confidently identifying the correct K value using the ΔK method: 

When does K= 2? Molecular Ecology, 29(5), 862-869.  

Daily, G. C. (1997). Nature’s Services: Societal Dependence on Natural Ecosystems. Island 

Press.  

de Lange, P. J. (2014). A revision of the New Zealand Kunzea ericoides (Myrtaceae) complex. 

PhytoKeys(40), 1.  

de Lange, P. J. (2022). Lophomyrtus bullata Fact 

Sheet.https://www.nzpcn.org.nz/flora/species/lophomyrtus-bullata/ 

de Lange, P. J., Rolfe, J. R., Courtney, S. P., Champion, P. D., Perrie, L. R., Beadel, S. M., 

Ford, K. A., Breitwiser, I., Schonberger, I., Hindsmarsh-Walls, R., Heenan, P. B., & 

Ladley, K. (2018). Conservation status of New Zealand indigenous vascular plants, 

2017 (New Zealand Threat Classification Series, Issue. D. o. Conservation.  



81 
 

 
 

DeWoody, J. A., Harder, A. M., Mathur, S., & Willoughby, J. R. (2021). The long-standing 

significance of genetic diversity in conservation. Molecular Ecology, 30(17), 4147-

4154.  

Dharmarajan, G., Beatty, W. S., & Rhodes Jr, O. E. (2013). Heterozygote deficiencies caused 

by a Wahlund effect: dispelling unfounded expectations. The Journal of Wildlife 

Management, 77(2), 226-234.  

Dittrich-Reed, D. R., & Fitzpatrick, B. M. (2013). Transgressive hybrids as hopeful monsters. 

Evolutionary biology, 40(2), 310-315.  

Du Plessis, E., Granados, G. M., Barnes, I., Ho, W., Alexander, B., Roux, J., & McTaggart, A. 

R. (2019). The pandemic strain of Austropuccinia psidii causes myrtle rust in New 

Zealand and Singapore. Australasian Plant Pathology, 48(3), 253-256.  

Dussex, N., Wegmann, D., & Robertson, B. (2014). Postglacial expansion and not human 

influence best explains the population structure in the endangered kea (Nestor 

notabilis). Molecular Ecology, 23(9), 2193-2209.  

Earl, D. A., & VonHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and program 

for visualizing STRUCTURE output and implementing the Evanno method. 

Conservation genetics resources, 4(2), 359-361.  

Ellis, E. A., Marshall, D. C., Hill, K. B., Owen, C. L., Kamp, P. J., & Simon, C. (2015). 

Phylogeography of six codistributed New Zealand cicadas and their relationship to 

multiple biogeographical boundaries suggest a re‐evaluation of the Taupo Line. Journal 

of Biogeography, 42(9), 1761-1775.  

Ellstrand, N. C., & Elam, D. R. (1993). Population Genetic Consequences of Small Population 

Size: Implications for Plant Conservation. Annual Review of Ecology and Systematics, 

24, 217-242. http://www.jstor.org/stable/2097178  

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals 

using the software STRUCTURE: a simulation study. Molecular Ecology, 14(8), 2611-

2620.  

Ewers, R. M., Kliskey, A. D., Walker, S., Rutledge, D., Harding, J. S., & Didham, R. K. (2006). 

Past and future trajectories of forest loss in New Zealand. Biological conservation, 

133(3), 312-325.  

Fleming, C. A. (1979). The Geological History of New Zealand and its Biota. Auckland 

University Press.  



82 
 

 
 

Fouquette Jr, M. (1975). Speciation in chorus frogs. I. Reproductive character displacement in 

the Pseudacris nigrita complex. Systematic Biology, 24(1), 16-23.  

Frankel, O., & Soule, M. E. (1981). Conservation and Evolution. Cambridge University Press.  

Frankham, R. (1996). Relationship of genetic variation to population size in wildlife. 

Conservation biology, 10(6), 1500-1508.  

Gardner, R. C., De Lange, P. J., Keeling, D. J., Bowala, T., Brown, H. A., & Wright, S. D. 

(2004). A late Quaternary phylogeography for Metrosideros (Myrtaceae) in New 

Zealand inferred from chloroplast DNA haplotypes. Biological Journal of the Linnean 

Society, 83(3), 399-412.  

Gemmell, M. R., Shepherd, L. D., Zuccarello, G. C., & Perrie, L. R. (2022). Phylogeography 

of the widespread New Zealand tree lancewood/horoeka (Pseudopanax crassifolius; 

Araliaceae). New Zealand Journal of Botany, 1-17.  

Goles, G., Briggs, R., & Rosenberg, M. (1996). Late Pliocene stratigraphic succession and 

volcanic evolution of Karioi volcano, western North Island, New Zealand. New Zealand 

Journal of Geology and Geophysics, 39(2), 283-294.  

Grant, P. R., & Grant, B. R. (1994). Phenotypic and genetic effects of hybridization in Darwin's 

finches. Evolution, 48(2), 297-316.  

Greaves, S. N., Chapple, D. G., Daugherty, C. H., Gleeson, D. M., & Ritchie, P. A. (2008). 

Genetic divergences pre‐date Pleistocene glacial cycles in the New Zealand speckled 

skink, Oligosoma infrapunctatum. Journal of biogeography, 35(5), 853-864.  

Greaves, S. N., Chapple, D. G., Gleeson, D. M., Daugherty, C. H., & Ritchie, P. A. (2007). 

Phylogeography of the spotted skink (Oligosoma lineoocellatum) and green skink (O. 

chloronoton) species complex (Lacertilia: Scincidae) in New Zealand reveals pre-

Pleistocene divergence. Molecular phylogenetics and evolution, 45(2), 729-739.  

Haase, P. (1993). Genetic variation, gene flow, and the'founder effect'in pioneer populations of 

Nothofagus menziesii (Fagaceae), South Island, New Zealand. Journal of 

Biogeography, 79-85.  

Hamrick, J. L., & Godt, M. J. W. (1996). Effects of life history traits on genetic diversity in 

plant species. Philosophical Transactions of the Royal Society B: Biological Sciences, 

351, 1291-1298.  

Hedrick, P. W., & Kalinowski, S. T. (2000). Inbreeding depression in conservation biology. 

Annual review of ecology and systematics, 139-162.  



83 
 

 
 

Heenan, P., & Mitchell, A. (2003). Phylogeny, biogeography and adaptive radiation of 

Pachycladon (Brassicaceae) in the mountains of South Island, New Zealand. Journal 

of Biogeography, 30(11), 1737-1749.  

Heenan, P. B., McGlone, M. S., Mitchell, C. M., Cheeseman, D. F., & Houliston, G. J. (2022). 

Genetic variation reveals broad-scale biogeographic patterns and challenges species’ 

classification in the Kunzea ericoides (kānuka; Myrtaceae) complex from New 

Zealand. New Zealand Journal of Botany, 60(1), 2-26.  

Heenan, P. B., Millar, T. R., Smissen, R. D., McGlone, M. S., & Wilton, A. D. (2017). 

Phylogenetic measures of neo-and palaeo-endemism in the indigenous vascular flora of 

the New Zealand archipelago. Australian Systematic Botany, 30(2), 124-133.  

Hewitt, G. (2000). The genetic legacy of the Quaternary ice ages. Nature, 405(6789), 907-913.  

Hindrikson, M., Remm, J., Pilot, M., Godinho, R., Stronen, A. V., Baltrūnaité, L., Czarnomska, 

S. D., Leonard, J. A., Randi, E., & Nowak, C. (2017). Wolf population genetics in E 

urope: a systematic review, meta‐analysis and suggestions for conservation and 

management. Biological Reviews, 92(3), 1601-1629.  

Ho, W. H., Baskarathevan, J., Griffin, R. L., Quinn, B. D., Alexander, B. J. R., Havell, D., 

Ward, N. A., & Pathan, A. K. (2019). First Report of Myrtle Rust Caused by 

Austropuccinia psidii on Metrosideros kermadecensis on Raoul Island and on M. 

excelsa in Kerikeri, New Zealand. Plant Disease, 103(8), 2128-2128. 

https://doi.org/10.1094/pdis-12-18-2243-pdn  

Huson, D. H., & Bryant, D. (2006). Application of phylogenetic networks in evolutionary 

studies. Molecular biology and evolution, 23(2), 254-267.  

Jesson, L. K. (2007). Ecological correlates of diversification in New Zealand angiosperm 

lineages. New Zealand Journal of Botany, 45(1), 35-51.  

Jo, I., Bellingham, P., McCarthy, J., Easdale, T., Padamsee, M., Wiser, S., & Richardson, S. 

(2022). Ecological importance of the Myrtaceae in New Zealand’s natural forests. 

Journal of Vegetation Science, 33, e13106. https://doi.org/10.1111/jvs.13106  

Jombart, T. (2008). adegenet: a R package for the multivariate analysis of genetic markers. 

Bioinformatics, 24(11), 1403-1405.  

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of principal 

components: a new method for the analysis of genetically structured populations. BMC 

genetics, 11(1), 1-15.  



84 
 

 
 

Kamvar, Z. N., Tabima, J. F., & Grünwald, N. J. (2014). Poppr: an R package for genetic 

analysis of populations with clonal, partially clonal, and/or sexual reproduction. PeerJ, 

2, e281.  

Kardos, M., Armstrong, E. E., Fitzpatrick, S. W., Hauser, S., Hedrick, P. W., Miller, J. M., 

Tallmon, D. A., & Funk, W. C. (2021). The crucial role of genome-wide genetic 

variation in conservation. Proceedings of the National Academy of Sciences, 118(48), 

e2104642118.  

Kelly, D., Ladley, J. J., Robertson, A., & Anderson, S. H. (2010). Mutualisms with the 

wreckage of an avifauna: The status of bird pollination and fruit-dispersal in New 

Zealand. New Zealand Journal of Ecology 34, 66-85.  

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., & Mayrose, I. (2015). 

Clumpak: a program for identifying clustering modes and packaging population 

structure inferences across K. Molecular ecology resources, 15(5), 1179-1191.  

Leimu, R., Mutikainen, P., Koricheva, J., & Fischer, M. (2006). How general are positive 

relationships between plant population size, fitness and genetic variation? [Review]. 

Journal of Ecology, 94(5), 942-952. https://doi.org/10.1111/j.1365-2745.2006.01150.x  

Lewis, K. B., Carter, L., & Davey, F. J. (1994). The opening of Cook Strait: interglacial tidal 

scour and aligning basins at a subduction to transform plate edge. Marine geology, 

116(3-4), 293-312.  

Liggins, L., Chapple, D. G., Daugherty, C. H., & Ritchie, P. A. (2008). A SINE of restricted 

gene flow across the Alpine Fault: phylogeography of the New Zealand common skink 

(Oligosoma nigriplantare polychroma). Molecular Ecology, 17(16), 3668-3683.  

Lloyd, B. D. (2003). The demographic history of the New Zealand short‐tailed bat Mystacina 

tuberculata inferred from modified control region sequences. Molecular Ecology, 

12(7), 1895-1911.  

Lockhart, P. J., McLenachan, P. A., Havell, D., Glenny, D., Huson, D., & Jensen, U. (2001). 

Phylogeny, radiation, and transoceanic dispersal of New Zealand alpine buttercups: 

molecular evidence under split decomposition. Annals of the Missouri Botanical 

Garden, 458-477.  

Maki, M. (2003). Population genetics of threatened wild plants in Japan. Journal of plant 

research, 116, 169-174.  



85 
 

 
 

Marra, M., Crozier, M., & Goff, J. (2009). Palaeoenvironment and biogeography of a late MIS 

3 fossil beetle fauna from South Taranaki, New Zealand. Journal of Quaternary 

Science: Published for the Quaternary Research Association, 24(1), 97-107.  

Marske, K. A., & Boyer, S. L. (2022). Phylogeography reveals the complex impact of the Last 

Glacial Maximum on New Zealand’s terrestrial biota. Journal of the Royal Society of 

New Zealand, 1-22.  

Marske, K. A., Leschen, R. A., Barker, G. M., & Buckley, T. R. (2009). Phylogeography and 

ecological niche modelling implicate coastal refugia and trans‐alpine dispersal of a New 

Zealand fungus beetle. Molecular Ecology, 18(24), 5126-5142.  

Marske, K. A., Leschen, R. A., & Buckley, T. R. (2011). Reconciling phylogeography and 

ecological niche models for New Zealand beetles: looking beyond glacial refugia. 

Molecular Phylogenetics and Evolution, 59(1), 89-102.  

McGlone, M. (1985). Plant biogeography and the late Cenozoic history of New Zealand. New 

Zealand Journal of Botany, 23(4), 723-749.  

McGlone, M., Duncan, R., & Heenan, P. (2001). Endemism, species selection and the origin 

and distribution of the vascular plant flora of New Zealand. Journal of Biogeography, 

28(2), 199-216.  

McGlone, M. S., Newnham, R. M., & Moar, N. T. (2010). The vegetation cover of New 

Zealand during the Last Glacial Maximum: do pollen records under-represent woody 

vegetation. Terra Australis, 32, 49-68.  

McLay, T. G., Tate, J. A., Gemmill, C. E., Holzapfel, A. S., & Symonds, V. V. (2022). Inferring 

the biogeography of New Zealand’s only endemic holoparasitic plant, the threatened 

Dactylanthus taylorii (Mystropetalaceae). New Zealand Journal of Botany, 1-23.  

McLeod, O. (2019). Perspectives on the structure, vent distribution and composition of 

Pirongia, the North Island’s largest basaltic volcano.  

McLeod, O., Brenna, M., Briggs, R., & Pittari, A. (2022). Slab tear as a cause of coeval arc-

intraplate volcanism in the Alexandra Volcanic Group, New Zealand. Lithos, 408, 

106564.  

Melesse, K. A. (2017). Molecular phylogeny of the genus metrosideros and population genetics 

of some New Zealand species within the genus University of Canterbury]. Chirstchurch, 

New Zealand 



86 
 

 
 

https://ir.canterbury.ac.nz/bitstream/handle/10092/15013/Melesse%2c%20Kumilign%

20Final%20PhD%20Thesis.pdf?sequence=1&isAllowed=y 

Meudt, H. M., Prebble, J. M., & Lehnebach, C. A. (2015). Native New Zealand forget-me-nots 

(Myosotis, Boraginaceae) comprise a Pleistocene species radiation with very low 

genetic divergence. Plant Systematics and Evolution, 301(5), 1455-1471.  

Millar, T. R., Heenan, P. B., Wilton, A. D., Smissen, R. D., & Breitwieser, I. (2017). Spatial 

distribution of species, genus and phylogenetic endemism in the vascular flora of New 

Zealand, and implications for conservation. Australian Systematic Botany, 30(2), 134-

147.  

Nevill, P. G., Bossinger, G., & Ades, P. K. (2010). Phylogeography of the world’s tallest 

angiosperm, Eucalyptus regnans: evidence for multiple isolated Quaternary refugia. 

Journal of Biogeography, 37(1), 179-192.  

Nevill, P. G., Bradbury, D., Williams, A., Tomlinson, S., & Krauss, S. L. (2014). Genetic and 

palaeo-climatic evidence for widespread persistence of the coastal tree species 

Eucalyptus gomphocephala (Myrtaceae) during the Last Glacial Maximum. Annals of 

Botany, 113(1), 55-67.  

Newnham, R., McGlone, M., Moar, N., Wilmshurst, J., & Vandergoes, M. (2013). The 

vegetation cover of New Zealand at the last glacial maximum. Quaternary Science 

Reviews, 74, 202-214.  

Nielsen, S. V., Bauer, A. M., Jackman, T. R., Hitchmough, R. A., & Daugherty, C. H. (2011). 

New Zealand geckos (Diplodactylidae): cryptic diversity in a post-Gondwanan lineage 

with trans-Tasman affinities. Molecular Phylogenetics and Evolution, 59(1), 1-22.  

Nybom, H. (2004). Comparison of different nuclear DNA markers for estimating intraspecific 

genetic diversity in plants. Molecular Ecology, 13(5), 1143-1155. 

https://doi.org/10.1111/j.1365-294X.2004.02141.x  

O’Neill, S. B., Chapple, D. G., Daugherty, C. H., & Ritchie, P. A. (2008). Phylogeography of 

two New Zealand lizards: McCann’s skink (Oligosoma maccanni) and the brown skink 

(O. zelandicum). Molecular Phylogenetics and Evolution, 48(3), 1168-1177.  

Ogden, J. (1989). On the coenospecies concept and tree migrations during the oscillations of 

the Pleistocene climate. Journal of the Royal Society of New Zealand, 19(3), 249-262.  

Painting, C. J., Myers, S., Holwell, G. I., & Buckley, T. R. (2017). Phylogeography of the New 

Zealand giraffe weevil Lasiorhynchus barbicornis (Coleoptera: Brentidae): A 



87 
 

 
 

comparison of biogeographic boundaries. Biological Journal of the Linnean Society, 

122(1), 13-28.  

Parker, I. M., Simberloff, D., Lonsdale, W., Goodell, K., Wonham, M., Kareiva, P., 

Williamson, M., Von Holle, B., Moyle, P., & Byers, J. (1999). Impact: toward a 

framework for understanding the ecological effects of invaders. Biological Invasions, 

1(1), 3-19.  

Peakall, R., & Smouse, P. E. (2006). GENALEX 6: Genetic analysis in Excel. Population 

genetic software for teaching and research [Article]. Molecular Ecology Notes, 6(1), 

288-295. https://doi.org/10.1111/j.1471-8286.2005.01155.x  

Peakall, R., & Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in Excel. Population 

genetic software for teaching and research--an update. Bioinformatics, 28(19), 2537-

2539. https://doi.org/10.1093/bioinformatics/bts460  

Pegg, G., Taylor, T., Entwistle, P., Guymer, G., Giblin, F., & Carnegie, A. (2017). Impact of 

Austropuccinia psidii (myrtle rust) on Myrtaceae-rich wet sclerophyll forests in south 

east Queensland. PloS one, 12(11), e0188058.  

Pegg, G. S., Giblin, F. R., McTaggart, A. R., Guymer, G. P., Taylor, H., Ireland, K. B., Shivas, 

R. G., & Perry, S. (2014). Puccinia psidii in Queensland, Australia: disease symptoms, 

distribution and impact. Plant Pathology, 63(5), 1005-1021. 

https://doi.org/10.1111/ppa.12173  

Pittari, A., Prentice, M. L., McLeod, O. E., Yousef Zadeh, E., Kamp, P. J., Danišík, M., & 

Vincent, K. A. (2021). Inception of the modern North Island (New Zealand) volcanic 

setting: spatio-temporal patterns of volcanism between 3.0 and 0.9 Ma. New Zealand 

Journal of Geology and Geophysics, 64(2-3), 250-272.  

Prasad, M., Schmid, L. M., Marshall, A., Blanchon, D., Renner, M. A., Baba, Y., Padamsee, 

M., & de Lange, P. (2022). Ecological communities of Aotearoa/New Zealand species 

threatened by myrtle rust (Austropuccinia psidii (G. Winter) Beenken): The flora and 

mycobiota of the endemic genus Lophomyrtus Burret. Perspectives in Biosecurity 7, 

34–70. https://doi.org/10.34074/pibs.00703  

Prebble, J. M., Meudt, H. M., Tate, J. A., & Symonds, V. V. (2018). Bolstering species 

delimitation in difficult species complexes by analyzing herbarium and common garden 

morphological data: a case study using the New Zealand native Myosotis pygmaea 

species group (Boraginaceae). Systematic Botany, 43(1), 266-289.  



88 
 

 
 

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of Population Structure Using 

Multilocus Genotype Data. Genetics, 155(2), 945-959.  

Quijas, S., Schmid, B., & Balvanera, P. (2010). Plant diversity enhances provision of 

ecosystem services: A new synthesis. Basic and Applied Ecology, 11(7), 582-593. 

https://doi.org/10.1016/j.baae.2010.06.009  

Rattenbury, J. (1962). Cyclic hybridization as a survival mechanism in the New Zealand forest 

flora. Evolution, 348-363.  

Raymond, M. (1995). GENEPOP (version 1.2): population genetics software for exact tests 

and ecumenicism. J. Hered., 86, 248-249.  

Rieseberg, L., Ellstrand, N., & Arnold, M. (1993). What can molecular and morphological 

markers tell us about plant hybridization? Critical reviews in plant sciences, 12(3), 213-

241.  

Riley, M. (1994). Māori healing and herbal: New Zealand ethnobotanical sourcebook. Viking 

Sevenseas.  

Rogozina, E. V., Beketova, M. P., Muratova, O. A., Kuznetsova, M. A., & Khavkin, E. E. 

(2021). Stacking resistance genes in multiparental interspecific potato hybrids to 

anticipate late blight outbreaks. Agronomy, 11(1), 115.  

Rossetto, M., Slade, R., Baverstock, P. R., Henry, R. J., & Lee, L. S. (1999). Microsatellite 

variation and assessment of genetic structure in tea tree (Melaleuca alternifolia–

Myrtaceae). Molecular Ecology, 8(4), 633-643.  

Rousset, F. (1997). Genetic differentiation and estimation of gene flow from F-statistics under 

isolation by distance. Genetics, 145(4), 1219-1228.  

Rousset, F. (2008). genepop’007: a complete re‐implementation of the genepop software for 

Windows and Linux. Molecular ecology resources, 8(1), 103-106.  

RStudio-Team. (2020). RStudio: Integrated Development for RStudio. In PBC. 

http://www.rstudio.com/ 

Sampson, J., Tapper, S., Coates, D., Hankinson, M., Mcarthur, S., & Byrne, M. (2018). 

Persistence with episodic range expansion from the early Pleistocene: the distribution 

of genetic variation in the forest tree Corymbia calophylla (Myrtaceae) in south-western 

Australia. Biological Journal of the Linnean Society, 123(3), 545-560.  

Schoen, D. J., & Brown, A. H. D. (2001). The Conservation of Wild Plant Species in Seed 

Banks: Attention to both taxonomic coverage and population biology will improve the 



89 
 

 
 

role of seed banks as conservation tools. BioScience, 51(11), 960-966. 

https://doi.org/10.1641/0006-3568(2001)051[0960:Tcowps]2.0.Co;2  

Shepherd, L. D., & Heenan, P. B. (2021). Phylogenomic analyses reveal a history of 

hybridisation and introgression between Sophora sect. Edwardsia (Fabaceae) species 

in New Zealand. New Zealand Journal of Botany, 1-21.  

Shepherd, L. D., & Perrie, L. R. (2011). Microsatellite DNA analyses of a highly disjunct New 

Zealand tree reveal strong differentiation and imply a formerly more continuous 

distribution. Mol Ecol, 20(7), 1389-1400. https://doi.org/10.1111/j.1365-

294X.2011.05017.x  

Shepherd, L. D., Perrie, L. R., & Brownsey, P. J. (2007). Fire and ice: volcanic and glacial 

impacts on the phylogeography of the New Zealand forest fern Asplenium 

hookerianum. Molecular Ecology, 16(21), 4536-4549.  

Shi, M. M., Michalski, S. G., Welk, E., Chen, X. Y., & Durka, W. (2014). Phylogeography of 

a widespread Asian subtropical tree: genetic east–west differentiation and climate 

envelope modelling suggest multiple glacial refugia. Journal of Biogeography, 41(9), 

1710-1720.  

Smissen, R. D., de Lange, P. J., Thorsen, M. J., & Ogle, C. C. (2011). Species delimitation and 

genetic variation in the rare New Zealand endemic grass genus Simplicia. New Zealand 

Journal of Botany, 49(2), 187-199. https://doi.org/10.1080/0028825X.2010.525244  

Smissen, R. D., Heenan, P. B., & Maurin, K. J. (2022). New Zealand endemic Neomyrtus is 

sister to New Caledonian endemic Myrtastrum (Myrtaceae, Myrteae). New Zealand 

Journal of Botany, 60(2), 184-197.  

Smith, G. R., Ganley, B. J., Chagne, D., Nadarajan, J., Pathirana, R. N., Ryan, J., Arnst, E. A., 

Sutherland, R., Soewarto, J., Houliston, G., Marsh, A. T., Koot, E., Carnegie, A. J., 

Menzies, T., Lee, D. J., Shuey, L. S., & Pegg, G. S. (2020). Resistance of New Zealand 

Provenance Leptospermum scoparium, Kunzea robusta, Kunzea linearis, and 

Metrosideros excelsa to Austropuccinia psidii. Plant Disease, 104(6), 1771-1780. 

https://doi.org/10.1094/pdis-11-19-2302-re  

Stacy, E. A., Sakishima, T., Tharp, H., & Snow, N. (2020). Isolation of Metrosideros (ʻOhiʻa) 

Taxa on Oʻahu Increases with Elevation and Extreme Environments. Journal of 

Heredity, 111(1), 103-118.  



90 
 

 
 

Steane, D. A., Conod, N., Jones, R. C., Vaillancourt, R. E., & Potts, B. M. (2006). A 

comparative analysis of population structure of a forest tree, Eucalyptus globulus 

(Myrtaceae), using microsatellite markers and quantitative traits. Tree Genetics & 

Genomes, 2(1), 30-38.  

Suggate, R. P. (1978). The Geology of New Zealand. Government Printer.  

Sutherland, R., Soewarto, J., Beresford, R., & Ganley, B. (2020). Monitoring Austropuccinia 

psidii (myrtle rust) on New Zealand Myrtaceae in native forest. New Zealand Journal 

of Ecology, 44(2), Article 3414. https://doi.org/10.20417/nzjecol.44.23  

Szczecinska, M., Sramko, G., Wolosz, K., & Sawicki, J. (2016). Genetic Diversity and 

Population Structure of the Rare and Endangered Plant Species Pulsatilla patens (L.) 

Mill in East Central Europe. PloS one, 11(3), Article e0151730. 

https://doi.org/10.1371/journal.pone.0151730  

Thornhill, A. H., Ho, S. Y., Külheim, C., & Crisp, M. D. (2015). Interpreting the modern 

distribution of Myrtaceae using a dated molecular phylogeny. Molecular Phylogenetics 

and Evolution, 93, 29-43.  

Toome-Heller, M., Ho, W., Ganley, R., Elliott, C., Quinn, B., Pearson, H., & Alexander, B. 

(2020). Chasing myrtle rust in New Zealand: host range and distribution over the first 

year after invasion. Australasian Plant Pathology, 49. https://doi.org/10.1007/s13313-

020-00694-9  

Trewick, S., & Bland, K. (2012). Fire and slice: palaeogeography for biogeography at New 

Zealand's North Island/South Island juncture. Journal of the Royal Society of New 

Zealand, 42(3), 153-183. 

Trewick, S. A., Henderson, I. M., Pohe, S. R., & Morgan-Richards, M. (2022). Spatial 

Variation of Acanthophlebia cruentata (Ephemeroptera), a Mayfly Endemic to Te Ika-

a-Māui—North Island of Aotearoa, New Zealand. Insects, 13(7), 567. 

Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P. (2004). MICRO-

CHECKER: software for identifying and correcting genotyping errors in microsatellite 

data. Molecular Ecology Notes, 4(3), 535-538. https://doi.org/10.1111/j.1471-

8286.2004.00684.x  

Vasconcelos, T. N., Proença, C. E., Ahmad, B., Aguilar, D. S., Aguilar, R., Amorim, B. S., 

Campbell, K., Costa, I. R., De-Carvalho, P. S., & Faria, J. E. (2017). Myrteae 

phylogeny, calibration, biogeography and diversification patterns: increased 



91 
 

 
 

understanding in the most species rich tribe of Myrtaceae. Molecular phylogenetics and 

evolution, 109, 113-137.  

Voelckel, C., Heenan, P., Janssen, B., Reichelt, M., Ford, K., Hofmann, R., & Lockhart, P. 

(2008). Transcriptional and biochemical signatures of divergence in natural populations 

of two species of New Zealand alpine Pachycladon. Molecular Ecology, 17(21), 4740-

4753.  

Wagstaff, S. J., & Clarkson, B. R. (2012). Systematics and ecology of the Australasian genus 

Empodisma (Restionaceae) and description of a new species from peatlands in northern 

New Zealand. PhytoKeys(13), 39.  

Wallis, G. P., & Trewick, S. A. (2009). New Zealand phylogeography: evolution on a small 

continent. Molecular Ecology, 18(17), 3548-3580. https://doi.org/10.1111/j.1365-

294X.2009.04294.x  

Wardle, P. (1963). Evolution and distribution of the New Zealand flora, as affected by 

Quaternary climates. New Zealand Journal of Botany, 1(1), 3-17.  

Wessinger, C. A. (2021). From pollen dispersal to plant diversification: genetic consequences 

of pollination mode. New Phytologist, 229(6), 3125-3132.  

Westphal, L. (2019). Fruit Selection in New Zealand Avifauna: how dietary preference shapes 

mutaulisms [Master's thesis, University of Canterbury]. UC Research Repository. 

https://ir.canterbury.ac.nz/bitstream/handle/10092/17643/Westphal%2c%20Laura_Ma

ster%27s%20Thesis.pdf?sequence=1&isAllowed=y 

Wilmshurst, J. M., & McGlone, M. S. (1996). Forest disturbance in the central North Island, 

New Zealand, following the 1850 BP Taupo eruption. The holocene, 6(4), 399-411.  

Winter, G. (1884). Rabenhorstii fungi europaei et extraeuraopaei. Hedwigia, 23, 164-175.  

Withers, S. J., Parsons, S., Hauber, M. E., Kendrick, A., & Lavery, S. D. (2021). Genetic 

divergence between isolated populations of the North Island New Zealand Rifleman 

(Acanthisitta chloris granti) implicates ancient biogeographic impacts rather than 

recent habitat fragmentation. Ecology and evolution, 11(11), 5998-6014.  

Wood, J., Wilmshurst, J., Newnham, R., & McGlone, M. (2017). Evolution and ecological 

change during the New Zealand Quaternary. In Landscape and quaternary 

environmental change in New Zealand (pp. 235-291). Springer.  

Wright, S. (1931). Evolution in Mendelian Populations. Genetics, 16, 97-159.  



92 
 

 
 

Young, A. G., Schmidt‐Adam, G., & Murray, B. G. (2001). Genetic variation and structure of 

remnant stands of pohutukawa (Metrosideros excelsa, Myrtaceae). New Zealand 

Journal of Botany, 39(1), 133-140. https://doi.org/10.1080/0028825X.2001.9512721  



93 
 

 
 

Chapter 4 
 

Conclusion 
 

4.1 Introduction 
  
The main focus of this thesis was to investigate the population genetics of Lophomyrtus bullata. 

A population genetics study can provide information on the connectivity, inbreeding, gene 

flow, life history and biogeography of a species.  This information can provide a fuller 

resolution to the forces influencing a species’ genetic structure. Understanding these forces is 

necessary to preserve genetic diversity and minimise genetic erosion. It is essential to conserve 

genetic diversity as it represents a species’ ability to respond to new environmental threats 

(Frankel & Soule, 1981; Holsinger & Falk, 1991). If a species has low genetic variation, this 

could result in failure to adapt to changing environments and eventual extinction (Holsinger & 

Falk, 1991). Therefore, low diversity and genetic differentiation could have serious 

implications for the future conservation of Lophomyrtus bullata. 

Lophomyrtus bullata (ramarama) is an endemic New Zealand species of the ecologically 

important Myrtaceae family (Jo et al., 2022). The species provides key resources such as sugar-

rich nectar that is beneficial to bees (Jo et al., 2022), berries with antioxidant properties (Lowry, 

1976), and a food source to a range of native bird species (Kelly et al., 2010; Westphal, 2019). 

According to one survey by Prasad et al. (2022), the trees of L. bullata provide a home to at 

least 176 taxa, including bryophytes, ferns, other seed plants, and mycobiota. Culturally, 

Lophomyrtus bullata is a significant species to Māori in New Zealand, with the berries, leaves 

and wood all traditionally utilised for food, medicine and crafting, respectively (Best, 1925a, 

1925b, 1942; Cambie & Ferguson, 2003; Riley, 1994). However, due to the pathogenic fungus 

Austropuccinia psidii (myrtle rust), the population numbers of L. bullata are declining. This 

decline could lead to smaller population sizes that are more susceptible to genetic drift and 

other stochastic forces, potentially resulting in a further decline in genetic diversity and higher 

levels of homozygosity in populations (Leimu et al., 2006; Ouborg et al., 2006). Higher 

homozygosity rates could lead to inbreeding depression, resulting in a reduced fitness for the 

species and increasing its risk of extinction (Charlesworth & Willis, 2009; Wright et al., 2008).  
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The use of microsatellite markers enabled an investigation into the current population dynamics 

of L. bullata. This provided essential information that could be used to help inform the species’ 

current conservation management and additionally help estimate the potential future impacts 

of myrtle rust on the genetic diversity of L. bullata. The aims of this study were to: 

1. Develop microsatellite markers for L. bullata. 

2. Investigate the distribution of genetic variation of L. bullata across its geographical range.  

3. Infer historical and biogeographical influences on the patterns of variation in L. bullata and 

determine their implications for the future conservation of the species.  

4.2 Findings 
 
Twelve microsatellite markers were designed and employed in a population genetics study on 

the threatened species Lophomyrtus bullata. The main findings were presented in the previous 

chapters: Marker Development of Lophomyrtus bullata (Myrtaceae) and Population genetics 

of Lophomyrtus bullata (Myrtaceae). This section will use these findings to address the aims 

of the study. 

1. Develop microsatellite markers for L. bullata. 

Lophomyrtus bullata DNA sequences were obtained from an Illumina MiSeq run, which 

resulted in 1,351,112 reads successfully paired and merged using Geneious software (v9.1.8) 

(Kearse et al., 2012). From these sequences, 55 loci were detected using the STR detection tool 

(Fungtammasan et al., 2015) available on the Galaxy web platform (Afgan et al., 2018). 

Primers for these loci were then designed using the Geneious addin Primer3 (Rozen & 

Skaletsky, 2000) and were trialled on individuals of L. bullata from four separate populations 

and twelve individuals of L. obcordata.  The twelve microsatellite markers selected for 

screening were polymorphic and amplified consistently in both species, indicating the 

successful transfer of the markers to L. obcordata. Four hundred individuals of L. bullata, 12 

individuals of L. obcordata, and 40 L. bullata x L. obcordata putative hybrids were screened 

using the selected markers. A total of 97 alleles were detected, with the total number of alleles 

per marker ranging from 3-11. These findings suggest that there are moderate levels of 

polymorphism within the developed markers.  
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2. Investigate the distribution of genetic variation of L. bullata across its geographical range, 

and 3. Infer historical and biogeographical influences on the patterns of variation in L. bullata 

and determine its implications for the future conservation of the species.  

The results presented in the previous chapters suggested that L. bullata has low to moderate 

levels of genetic diversity at the species level. The populations with the highest levels of 

diversity were the Northland, Coromandel and Auckland populations, with a linear decline of 

diversity for populations increasingly southward. One potential scenario for this trend is that 

these upper North Island areas acted as glacial refugia for L. bullata during the Pleistocene, 

with all or most of the remaining populations extirpated. Individuals from the upper North 

Island populations would have recolonised all other regions following glacial retreat. This 

scenario would explain the currently low diversity present within the species and the negative 

correlation of diversity with latitude because the founder effect would have impacted all 

recolonised populations. Therefore, it is likely that L. bullata underwent a range contraction 

and subsequent expansion during glacial cycling, potentially influencing the species’ modern 

distribution of genetic variation.  

The genetic differentiation between populations of L. bullata is low, suggesting all populations 

are genetically similar. This could be influenced by the already low genetic diversity present 

within the species and impacted by the majority of the populations potentially being 

repopulated by a few source populations after glacial retreat. However, there were distinct 

genetic differences between geographical localities, with populations in the same region 

appearing more genetically similar. This regional population structure could be due to the 

effects of isolation by distance, past climatic events, or a combination of both.  

Common biogeographical patterns observed in other New Zealand flora and fauna are also 

present in L. bullata. A split between populations above and below ~38°S latitude is consistent 

with the biogeographical pattern known as the Taūpo line. This pattern is mainly thought to be 

due to the formation of the Manawatū Sea Strait during the Pliocene or the product of 

Pleistocene glacial cycling (Buckley et al., 2015; Marske & Boyer, 2022; Wood et al., 2017). 

One potential explanation for this pattern in L. bullata is recolonisation by the aforementioned 

glacial refugia populations. This would result in an upper and lower North Island split between 

older, more diverse populations and less diverse populations that have more recently been 

colonised. Alternatively, it could result from the isolation and divergence of the upper and 
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lower North Island populations due to volcanic activity occurring during the last 2 Ma (Briggs, 

1983; Briggs et al., 1989; Wilmshurst & McGlone, 1996) or a combination of both factors. 

Other patterns observed included the genetic distinctiveness of the East Cape, with the sampled 

populations appearing very genetically different from all other populations analysed. This 

could be due to the unique soils and climate present in the East Cape driving divergence 

between the populations (Ellis et al., 2015; Molloy & Smith, 2002) or due to the northern East 

Cape being an area that was formerly a glacial refugium during the Pleistocene, as suggested 

by some (Buckley et al., 2015; Ellis et al., 2015; Marske et al., 2009). Additionally, the 

differences could have occurred from volcanic activity in the Bay of Plenty region during the 

Holocene, isolating the East Cape and leading to divergence (Gardner et al., 2004). Finally, the 

relationship between the South Island population and the Taranaki populations suggests 

potential dispersal and continuous gene flow between populations via the land bridge that was 

present between Taranaki and the north-western corner of the South Island during the LGM 

(Bunce et al., 2009; Lewis et al., 1994).   

The knowledge obtained from the population genetic study of L. bullata could help improve 

the conservation management of the species. How the genetic variation of L. bullata is 

distributed across its geographical range can help ensure seed banking collections represent the 

total diversity present in the species. Collections could potentially consist of two or three 

populations per regional group, and populations located on the border of a regional group could 

be of particular interest as they have high amounts of admixture. This study’s investigations 

into the effects of hybridisation on the genetic diversity of L. bullata suggest it could provide 

L. bullata with increased variation and potentially be a source of adaptive traits. Further 

research into this area would be required to determine if this was a possibility and the impacts 

this would have on the conservation management of both species. 

4.3 Limitations  
 
One of the main factors potentially impacting the results presented here is the high degree of 

missing data (13%). Missing data is a common occurrence in microsatellite studies, and the 

majority of studies typically aim for equal to or less than 10%. Increased levels of missing data 

can affect the ability to correctly identify population structure, resulting in fewer genotypic 

clusters recognised and more inaccurate clusters (Reeves et al., 2016). Missing data is typically 
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caused by either PCR amplification failure or uninterpretable peaks produced during 

genotyping (Reeves et al., 2016). Amplification failure can be due to many factors, including 

poor-quality template DNA, human-technical error, and the presence of null alleles (Reeves et 

al., 2016). In the case of this research, the issue most likely lies with the poor-quality template 

DNA extracted from the older leaves sampled, as they tend to result in more degraded and less 

clean DNA. The use of older leaves was the direct result of some of the sampling occurring 

during the winter when there was little new growth. However, technical error and the presence 

of null alleles are also possibilities. Null alleles are alleles that have mutations in the primer 

binding region which prevents successful amplification during PCR (Carlsson, 2008). This 

results in the removal of either one allele, leading the individual to be labelled homozygote for 

that locus, or both alleles, resulting in missing data (Carlsson, 2008; Reeves et al., 2016). The 

presence of null alleles can lead to an overestimation of homozygosity, resulting in lower 

measures of genetic diversity and potentially inflating measures of FST (Carlsson, 2008). For 

the results presented here, MICRO-CHECKER software (version 2.3.3) (Van Oosterhout et al., 

2004) was used to detect null alleles, with the program indicating the potential presence of null 

alleles at one locus. This result could indicate that null alleles are affecting the results; however, 

the excess of homozygosity at this locus could also be due to other factors, e.g., selection for 

homozygosity or increased levels of inbreeding.  

Sample size and sampling bias could be additional factors affecting the results. Though most 

populations had 20 or more individuals sampled, which is the targeted sample size for 

microsatellite analysis, some populations (notably the L. obcordata population) had fewer 

individuals than this. It is also possible sampling bias could have occurred even with random 

sampling. For some sites, sampling was limited to where it was geographically feasible, and a 

few of the populations had many individuals over an extensive range of space. This made 

ensuring that the individuals sampled were a fair representation of the entire population 

difficult at these sites.  

4.4 Future directions 
 
These results provide preliminary information on the genetic diversity and population structure 

of Lophomyrtus bullata, but further investigation is necessary to ensure the species’ successful 

conservation. Additional sampling of populations in distribution gaps such as Rotorua, 
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Northern Auckland, or the Northern Marlborough Sounds would help to strengthen and verify 

the results. Sampling more isolated sites, such as Great Barrier Island or Cape Reinga, could 

also allow for a more detailed analysis of the degree of population connectivity and the limits 

of gene flow within L. bullata. A complementary population genetic study on the similarly 

myrtle-rust-threatened L. obcordata with additional hybridisation zones between the two 

species could provide a fuller resolution to the effects of hybridisation, i.e., whether it will 

provide new traits or lead to outbreeding depression. The use of chloroplast markers in tandem 

with these results could provide further insights into the biogeographical structure of both 

species. This is because when isolated populations that have diverged genetically undergo 

secondary contact, nuclear DNA can recombine and intermix, while chloroplast DNA is 

typically uniparentally inherited and will remain unchanged (Rogalski et al., 2015). Because 

of this, chloroplast markers are typically better at showing former patterns of geographic 

structure than nuclear DNA markers.  

These results could also potentially be used to measure myrtle rust’s effects on the diversity 

and population dynamics of L. bullata. Completing the same or similar population genetic 

study using the same microsatellite markers in five years would allow for direct comparisons 

between the species’ current and future genetic diversity. This would be particularly relevant 

for populations where myrtle rust has only recently been established (e.g., MAN) and 

populations that currently have no observations of myrtle rust (e.g., OM) if myrtle rust was to 

establish there in the future. Additionally, populations where seeds have been collected in the 

past (e.g., ECT) could allow comparisons between past and current levels of genetic diversity. 

A similar approach was used to investigate Banksia brownii , a woody shrub species endemic 

to Australia that has undergone a considerable reduction in numbers and localised extinction 

due to the plant pathogen Phytophthora cinnamomi (Coates et al., 2015). The study used 

comparisons between extant populations and seed collections from extinct populations to 

estimate the loss of genetic diversity following population extinction. It was observed that the 

species lost over a third of the total genetic diversity and 22 out of 88 private alleles due to P. 

cinnamomi (Coates et al., 2015).  

The microsatellite markers developed for L. bullata could potentially be used in the 

construction of linkage maps and, subsequently, if a link is established, the mapping of 

quantitative trait loci potentially involved in resistance. Identification of resistance to myrtle 
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rust would be critical for the implementation of plant breeding resistance programs. These 

programs would allow for the production of myrtle-rust-resistant individuals that can be 

introduced into vulnerable populations. Freeman et al. (2019) conducted simulations to 

determine the probability of extinction of at-risk New Zealand Myrtle species, and found that 

the probability of survival for a population increased greatly even if only a small number of 

individuals that carried resistant genotypes were introduced.   

More detailed knowledge of the hybridisation mechanics of L. bullata and L. obcordata would 

be informative for both species’ conservation. For example, if one species is more preferred as 

the paternal or maternal line, if the hybrids can backcross into none, one, or both parent species, 

and the degree to which parts of the genome can be introgressed. Such information could be 

readily obtained and incorporated into plant breeding programs for L. bullata discussed above 

and in Chapter 2. This is especially relevant, considering hybridisation has been used as a key 

tool in breeding crop species (Katche et al., 2019). Additionally, the hybrid zones of L. bullata 

(geographical locations where the two species co-occur and form hybrids) can also be used to 

investigate biogeographical patterns. Hybrid zones have been suggested to be where once 

isolated lineages came into secondary contact after glacial retreat during the LGM (Hewitt, 

2011). In other cases, hybrid zones are thought to be where two species were once isolated in 

the same microrefugia for an extended period, leading to interspecific gene flow between the 

species (Shepherd et al., 2022). Such a scenario was suggested to have occurred for the New 

Zealand species Metrosideros (Gardner et al., 2004) and Pachycladon (Becker et al., 2013), as 

well as for many plant species in other parts of the world (Hewitt, 1999).  

Further investigation into the divergence between L. bullata and L. obcordata could also be an 

interesting area of research. A number of New Zealand species lineages have been suggested 

to be Pliocene in origin, with divergence occurring due to changes in landforms during this 

period rather than the product of glacial cycling during the Pleistocene (e.g., Marske et al. 

(2011), Chapple et al. (2009), Withers et al. (2021)). This could be the case for L. bullata and 

L. obcordata, as current research dates the species divergence between ~3.6-5 mya (Thornhill 

et al., 2015). The formation of the Manawatū Sea Strait during the Pliocene could have split 

the distribution of the ancestral Lophomyrtus species. This split resulted in L. obcordata 

evolving independently in the South Island while L. bullata evolved independently in the upper 

North Island. L. obcordata is more tolerant of colder climates, and is found further south.  With 
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the retreat of the sea strait, L. bullata migrated further south and L. obcordata further north, 

either via dispersal over the Cook Strait or with the aid of the land bridge between the islands 

during the Pleistocene. Of course, the current distributions and traits of the species could be 

due to other factors, and this is just one possible explanation. The ideas discussed here are just 

a handful of many additional avenues of research provided from the significant patterns 

identified within Lophomyrtus bullata, all of which could aid the future conservation of the 

threatened species.  
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Supplementary Information  

 

 

 

Location Site code Latitude Longitude Altitude (m) 
 
Six Foot Track 
 

SF -35.512990 173.470381 437 

 
Maunganui Bluff 
 

MB -35.757919 173.563243 446 

 
Hunua Park 
 

HNA -37.040290 175.185480 467 

 
Coromandel Park 
 

CFP -37.053889 175.673278 193 

 
Kaimai Mamaku 
 

KM -37.492057 175.779379 215 

 
East Cape One 
 

ECO -37.860846 177.619238 67 

 
East Cape Two 
 

ECT -37.654444 178.297222 22 

 
Te Toto Gorge 
 

TOT -37.87507 174.79671 420 

 
Mangapohue 
 

MAN -38.260551 174.899487 179 

 
Omaru Falls 
 

OM -38.522667 175.165917 299 

 
Mt Messenger 
 

MM -38.90323 174.59384 55 

 
Meeting of the Waters 
 

MOW -39.10249 174.12020 
80 

 

 
Kaitake Ranges 
 

KR -39.144986 173.980728 269 

 
Home Bush 
 

HB -39.402518 174.015025 302 

 
Whanganui Park 
 

WHN -39.726963 175.137986 39 

 
Bruce Park 
 

BP -39.960917 175.532641 262 

 
Ohinereiata 
 

OR -40.500609 176.050960 287 

 
WA Miller Park 
 

WA -40.705977 175.653173 285 

Remutaka Park REK 
 

-41.342184 
 

174.947378 113 

 
Pelorus Bridge/ South Island 
Rohutu 
 

PBS/SIR -41.297553 173.572722 37 

Supplementary Table 1. Geographic coordinates for each of the L. bullata, L. obcordata and L. bullata x L. obcordata 
sites.   
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Supplementary Figure 1. Plot showing Delta K vs K results for the L. bullata sites. K values 2 and 5 were determined 
the best fit to describe the data.  

Supplementary Figure 2. Original DAPC clusters of L. bullata populations. Seven groups were identified. 
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Supplementary Figure 3. Plot showing Delta K vs K results for the L. bullata, L. obcordata, and L. bullata 
x L. obcordata putative hybrid sites. K values 3 and 6 were determined as the best fit to describe the data.  

Supplementary Figure 4. Original DAPC clusters of L. bullata, L. obcordata, and L. bullata x L. 
obcordata putative hybrid sites. Twelve groups were identified.  
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Supplementary Figure 5. Regression analysis of expected heterozygosity vs latitude for populations of  
L. bullata.  

Supplementary Figure 6. Regression analysis of Number of alleles per locus vs latitude for populations of  
L. bullata.  
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Site Detection of myrtle rust Source 
Six Foot Track (SF) 
 

Present Myrtle rust reporter iNaturalist (2021) 

Maunganui Bluff (MB) 
 

Present Myrtle rust reporter iNaturalist (2021) 

Hunua Park (HNA) 
Present 

Myrtle rust reporter iNaturalist (2019), Personal 
obvs. (2022) 

Coromandel Park (CFP) 
 

Absent (though detected near) - 

Kaimai Mamaku (KM) 
 

Present Myrtle rust reporter iNaturalist (2019) 

East Cape One (ECO) 
 

Present Personal obvs. (2022) 

East Cape Two (ECT) 
 

Present Myrtle rust reporter iNaturalist (2020) 

Te Toto Gorge (TOT) 
 

Present Myrtle rust reporter iNaturalist (2021) 

Mangapohue (MAN) 
Present 

Myrtle rust reporter iNaturalist (2021), Personal 
obvs. (2022) 

Omaru Falls (OM) 
 

Absent - 

Mt Messenger (MM) 
 

Present Personal obvs. (2022) 

Meeting of the Waters (MOW) 
 

Present Personal obvs. (2022) 

Kaitake Ranges (KR) 
 

Present Personal obvs. (2022) 

Home Bush (HB) 
 

Present Personal obvs. (2022) 

Whanganui Park (WHN) 
 

Absent - 

Bruce Park (BP) 
 

Absent - 

Ohinereiata (OR) 
 

Absent - 

WA Miller Park (WA) 
 

Absent - 

Remutaka Park (REK) 
 

Present Myrtle rust reporter iNaturalist (2020) 

Pelorus Bridge (PBS) Present Myrtle rust reporter iNaturalist (2018) 

 

 

 

Supplementary Table 2. Table indicating past and present detection of myrtle rust for each sample site of 
L. bullata, L. obcordata, and L. bullata x L. obcordata putative hybrids. 


